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1.0  Introduction 


1.1  Background 

This  risk  assessment  study  was  conducted  as  part  of  ongoing  research  and 
computer  programming  efforts  at  the  U.S.  Army  Engineer  Research  and 
Development  Center,  Vicksburg,  MS,  under  sponsorship  of  the  U.S.  Army  Corps 
of  Engineers’  Innovations  for  Navigation  Projects  Research  Program. 

Probabilistic  techniques  have  developed  in  recent  years  into  an  effective 
means  of  assessing  risk  assumed  during  the  design  and  construction  of  major 
projects  similar  to  the  innovative  construction  currently  under  way  on  the 
Braddock  Dam  project.  Studies  have  indicated  that  the  innovative  construction 
methods  being  used  for  the  construction  of  Braddock  Dam  are  the  most  cost- 
effective  means  of  construction  and  are  within  the  current  technical  capabilities 
of  the  construction  industry.  Some  uncertainties  relative  to  the  risk  being 
assumed  by  these  innovative  construction  concepts  are  anticipated.  A  risk 
assessment  is  a  method  to  identify,  estimate,  quantify,  and  evaluate  these  risks. 


1.2  Objective 

The  objective  of  this  study  is  to  demonstrate  risk  assessment  methodology 
procedures  for  innovative  inland  waterways  projects.  The  procedure  is 
demonstrated  by  application  to  selected  examples  of  each  major  procedural  task. 
The  use  of  an  existing  project,  Braddock  Dam,  provides  a  definitive  construction 
sequence  from  which  to  develop  an  extended  project  hazard  identification  list, 
discuss  or  show  the  usage  of  event  trees  for  selected  hazard  items,  and  evaluate 
the  consequences  of  selected  hazard  items  in  terms  of  cost. 

The  study  is  applicable  to  the  selected  time  frame  after  construction  bid 
award  and  just  prior  to  start  of  construction  of  Braddock  Dam.  This  time  frame 
was  selected  in  order  to  have  sufficient  construction  event  definition  to  assess  the 
risks  of  events  that  are  elements  of  an  innovative  construction  program.  How¬ 
ever,  these  types  of  risk  assessment  studies  can  be  undertaken  at  a  variety  of 
phases  in  the  project  life.  These  stages  include  feasibility,  design  and  analysis, 
plans  and  specifications,  and  construction. 


Chapter  1 .0  Introduction 


1 


The  Braddock  Dam  assessment  study  examples  are  based  on  currently 
available  risk  assessment  data.  If  comprehensive  risk  assessment  data  for  the 
construction  events  selected  in  this  study  are  not  available,  recommendations  will 
be  made  to  obtain  or  develop  the  data.  Furthermore,  historical  data  for  examples 
of  similar  marine  construction  are  provided  as  one  method  of  quantifying  and 
thus  providing  an  independent  check  for  validating  the  risk  assessment  results. 
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2.0  Research  Approach 


2.1  General  Description  of  Methodology 

The  formal  management  of  risks  in  a  technological  system  such  as  the 
design,  construction,  and  operation  of  dams  involves  both  assessing  and  con¬ 
trolling  the  events  that  cause  losses  of  property  or  other  resources.  A  description 
of  the  methodology  includes  the  definitions  and  concepts  that  are  used  in  this 
study.  The  most  appropriate  methods  and  tools  for  addressing  the  current  study 
objectives  can  be  defined  in  terms  of  these  definitions  and  concepts. 

This  study  demonstrates  the  use  of  formalized  methods  to  aid  in  the  control 
of  risks  through  the  use  of  risk  assessment ,  as  shown  in  Figure  2-1.  The  word  risk 
implies  both  the  frequency  (or  probability)  of  adverse  events  and  their  cones- 
quences.1  In  this  case  the  control  of  risks  (such  as  the  potential  delay  of  the 
schedule  or  loss  of  property  in  the  construction  of  the  Braddock  Dam)  includes 
all  aspects  of  decision-making  that  might  affect  the  frequency  or  the  cones- 
quences  of  the  risk.  Our  primary  focus  here  is  on  the  supporting  role  of  risk 
assessment ,  which  includes  both  the  analysis  and  the  evaluation  of  the  risk.  The 
latter,  risk  evaluation,  is  the  consideration  of  individual,  corporate,  and  societal 
values  and  tolerances  with  respect  to  the  costs  and  consequences.  This  may 
involve,  for  example,  a  simple  comparison  of  fatal  accident  frequencies  with 
those  found  tolerable  historically  in  other  fields  or  subtle  economic  analysis  of 
the  unavoidable  trade-offs  between  costs  and  risks  to  the  various  stakeholders  in 
the  activity. 

The  still  narrower,  primary  focus  of  this  section,  however,  is  risk  analysis  of 
technical  systems,  which  is  an  engineering  discipline  that  addresses  the  use  of  the 
information  available  to  estimate  the  risk  (both  frequencies  and  consequences)  of 
the  hazards  faced.  A  hazard ,  which  is  a  major  parameter  in  risk  analysis,  is 
nonetheless  rather  loosely  defined  in  practice;  it  is  any  condition  that  may 
potentially  cause  an  undesirable  consequence.  It  may  range  from  an  initiating 
cause,  such  as  a  major  storm  during  the  tow,  through  an  event  somewhere  in  the 
course  of  one  or  more  accident  chains,  such  as  a  major  structural  failure,  to  some 
“end”  state  (for  example,  loss  of  buoyancy). 


lAt  a  minimum,  the  risk  of  an  event  is  the  product  of  the  probability  of  the  event  times  its 
consequences  as  measured  in  some  relevant  unit  (dollars,  lives,  etc.).  More  generally,  the 
risk  of  an  event  is  a  vector  of  possible  likelihood  and  outcomes  (scenarios,  etc.),  each 
implying  consequences  on  one  or  more  dimensions. 
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Figure  2-1 .  Framework  of  risk  management,  illustrating  the  role  of  risk  assessment  and 
risk  analysis  (after  Canadian  Standards  Association  1991) 


This  ill-defined  nature  of  the  term  hazard  is,  in  fact,  a  benefit.  The  reason  lies 
in  the  typical  process  of  a  major  risk  assessment  that  invariably  begins  with  a 
hazard  identification  exercise.  To  avoid  underestimation  of  the  risk,  it  is 
important  in  a  risk  analysis  to  seek  to  obtain  completeness,  i.e.,  to  identify  all  the 
reasonably  likely  scenarios,  their  probabilities,  and  their  consequences.  The 
experience  and  knowledge  about  most  technical  systems  involves  multiple 
disciplines  and  agents,  e.g.,  designers  and  contractors,  who  might  not  be  trained 
in  risk  analysis.  It  becomes  important  that  the  analyst  extracts  all  the  information 
he  can  from  these  sources  by  asking  them,  individually  and  through  group 
exercises  or  brainstorming  sessions,  to  list  all  the  hazards  they  can  think  of.  To 
facilitate  this  thinking  process,  the  concept  of  a  hazard  must  be  loose.  The  threat 
or  hazard  to  one  man's  system  may  be  the  result  of  an  accident  in  another  man's 
domain.  Therefore,  the  identified  hazards  are  collected  from  all  the  sources 
available  in  the  terms  that  the  providers  are  most  comfortable  with,  and  it 
becomes  the  risk  analyst's  job  to  make  sense  of  it  all. 

The  next  task  for  the  risk  analyst  is  to  identify  the  causes  and  effects  of  the 
hazards.  Some  hazards  may  already,  in  effect,  be  root  causes,  e.g.,  a  flood  on  the 
river.  What  the  root  cause  or  initiating  event  is  may  in  practice  depend  on  the 
nature  of  the  data  available  to  the  analyst  (e.g.,  the  particular  form  of  the 
available  accident  statistics).  Other  hazards  may  be  the  result  of  one  or  more 
accident  scenarios  that  lead  to  these  states,  i.e.,  that  lead  to  major  structural 
damage  or  project  delay  of  one  kind  or  another.  Consequence  analysis  is  the 
tracing  (modeling)  of  the  various  possible  results  of  the  hazard.  For  example,  a 
broken  towline  may  cause  reduced  control,  which  in  turn  contributes  to  a 
collision,  which  in  turn  leads  to  damage  to  the  dam  segment,  which  is  followed 
by  sinking.  The  implications  of  all  these  potential  scenarios  in  terms  of  injuries 
and  economics  are  also  a  key  part  of  the  risk  analysis. 


A  variety  of  tools  exist  to  aid  the  risk  analyst,  including  failure  mode  and 
effects  analysis,  fault  trees,  influence  diagrams,  event  and  decision  trees,  and 
structural  reliability  analysis.  Most  of  these  tools  are  designed  to  analyze  the 
likelihood  of  various  states  of  a  technical  system.  The  simplest  set  of  such  states 
is  simply  “fail-no  fail.”  The  analyst  attempts  to  determine  the  reliability  of  a 


4 


Chapter  2.0  Research  Approach 


system,  subsystem,  or  operation  as  the  probability  that  it  will  successfully 
perform  its  intended  function.  Therefore,  the  analyst  must  use  all  available 
information  (data,  mechanics,  and  other  tools  at  his  disposal)  that  is  useful  to 
achieve  the  analysis  objectives. 

The  complete  study  of  the  technical  system  will  include  the  identification  and 
analysis  of  various  options  to  reduce  the  likelihood  or  mitigate  the  risk 
(consequences  and  their  likelihood)  of  the  various  hazards. 

The  risk  evaluation  of  the  various  hazards  will  include  consideration  of  their 
importance  and  their  “tolerability,”  perhaps  by  comparing  them  with  industry  or 
regulatory  standards  (expressed  in  terms  of,  for  example,  expected  number  of 
fatalities  per  10,000  man-hours  of  work)  or  perhaps  through  cost-risk-benefit 
analyses  to  evaluate  the  effectiveness  of  alternative  mitigation  strategies.  Cost 
and  benefits  are  perceived  differently  by  the  various  stakeholders  in  risk 
management  (dam  owner,  construction  contractor,  laborer,  etc.),  and  the 
decision-maker  must  be  sensitive  to  all  parties  involved,  even  if  he  directly 
represents  only  one  of  them. 

These  and  other  concepts  and  elements  of  risk  management  terminology, 
defined  where  they  first  appear,  will  recur  throughout  this  document.  It  is  the 
nature  of  the  relatively  young  and  dynamic  field,  however,  that  the  terms  used 
are  not  all  universal.  Where  ambiguity  might  exist,  this  report  generally  follows 
the  format  and  style  of  the  Canadian  Standards  Association  (CSA  1991). 

2.2  Risk  Analysis  Methodologies 

A  formal  risk  analysis  of  a  construction  project  is  a  work  process  consisting 
of  the  following: 

•  Comprehensive  description  of  the  project  (activities,  schedule,  locations 
etc.). 

•  Comprehensive  identification  of  hazards  to  the  project. 

•  Qualitative  assessment  of  likelihood  and  consequences  of  the  identified 
hazards. 

•  Separation  of  the  significant  hazards  on  basis  of  the  qualitative  risk 
assessment. 

•  More  definitive  quantitative  analysis  of  the  significant  hazards  (optional). 

•  Risk  evaluation,  i.e.,  comparison  of  the  established  quantified  risk  with 
predefined  acceptance  levels  (optional). 

•  Identification  and  evaluation  of  risk  reduction  measures. 

•  Decision  on  desirable  risk  reduction  strategies. 

•  Recursion  of  the  process  until  the  risks  for  the  project  are  acceptable. 
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The  more  definitive  quantitative  analysis  of  the  significant  hazards  is  noted 
to  be  optional  because  it  may  not  be  required  to  facilitate  the  necessary  decisions 
concerning  risk  reduction  measures  and  acceptance  of  the  project  quantified  risk. 
The  risk  evaluation  is  also  noted  optional  because  formalized  acceptance  criteria 
may  not  be  available  or  even  practicable.  Deciding  that  a  risk  level  is  acceptable 
can  be  based  on  the  conclusion  that  all  practicable  and  affordable  precautions 
have  been  made  and  that  a  further  reduction  of  the  risk  would  require  excessive 
additional  cost. 

A  diagram  illustrating  the  procedure  is  shown  as  Figure  2-2. 


Figure  2-2  Risk  assessment  methodology  logic  chart 
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2.2.1  Identification  of  hazards  and  risks 

Identification  of  hazards  and  their  associated  risks  is  the  most  important 
element  in  a  risk  analysis.  This  task  element  combines  experience  with 
imaginative  skills  into  a  systematic  approach  to  identify  events  or  conditions  that 
would  have  a  significant  influence  on  the  project. 

A  detailed  description  of  the  project  (including  construction  activities, 
schedule,  locations,  and  conditions)  provides  the  basic  framework  for  the  identi¬ 
fication  process.  The  quality  of  the  brainstorming  session  and  the  resulting 
coverage  of  the  hazards  identified  will  be  governed  by  the  quality  of  the  project 
description.  Personnel  familiar  with  the  details  of  the  project  possess  knowledge 
that  is  essential  for  performing  an  acceptable  hazard  identification.  However,  due 
to  their  involvement  in  the  project,  they  have  performed  a  more  or  less  formal¬ 
ized  hazard  identification  during  development  of  the  project  and  may  have  a 
tendency  to  focus  on  the  same  issues  in  the  hazard  identification  process  during 
the  formal  risk  analysis.  It  is  therefore  important  that  their  knowledge  about  the 
project  is  communicated  to  the  risk  analysis  team.  This  will  ensure  that  the  entire 
team  is  well  informed  about  the  project  and  able  to  make  relevant  supplements  to 
the  hazards  identified.  Discussion  of  the  project  in  detail  is  mandatory  for  a 
thorough  recognition  and  clear  identification  of  hazards. 

A  systematic  structuring  of  the  brainstorming  process  can  be  achieved  by 
establishing  a  list  of  hazard  categories  that  can  be  considered.  Examples  of  such 
categories  are 

•  External  or  internal  (offsite  or  onsite ). 

A  hazard  may  originate  from  an  event  or  condition  either  outside  or  inside 
the  project.  Hazards  within  the  project  normally  offer  some  possibility  of 
active  control  or  prevention  whereas  external  hazards  typically  have  to  be 
dealt  with  by  passive  means  (observation  and  protection). 

•  Accidental  or  intentional  (planned). 

A  hazard  may  be  the  result  of  an  accidental,  unforeseen,  or  unwanted 
event  as  opposed  to  an  unwanted  result  of  an  intentional  activity  or  action. 
The  characteristic  difference  is  that  the  occurrence  of  accidental  events 
can  be  reduced  by  increasing  awareness  about  the  hazards  and  by  more 
carefully  prepared  work  procedures.  The  unwanted  result  of  an  intended 
activity  (i.e.,  a  consequence  due  to  design  errors  or  to  deviation  between 
assumed  and  actual  conditions)  is  more  difficult  to  handle  because  the 
personnel  involved  normally  approach  planned  activities  with  confidence. 

•  Condition  or  event . 

The  hazard  may  be  a  condition  that  makes  an  activity  or  situation  in  the 
project  particularly  hazardous,  or  it  may  be  a  particular  event  or  action 
that  in  itself  presents  a  hazard.  A  hazardous  condition  could  typically  be 
an  adverse  environmental  condition  such  as  a  strong  wind.  A  hazardous 
event  could  be  failure  of  some  equipment  used  in  construction  such  as  a 
ballast  pump  or  a  wire  rope  or  cable. 
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Additional  categories  or  systematic  groupings  can  be  proposed  on  a  project- 
unique  basis.  Hazards  associated  with  innovative  construction  methods  can  be 
categorized.  This  pre-brainstorming  organization  is  generally  recommended  to 
ensure  thorough  and  structured  brainstorming  sessions. 

The  outcome  of  the  hazard  identification  sessions  is  structured  and 
documented  to  permit  review  and  correction  of  the  findings.  A  sample  master  list 
for  the  Braddock  Dam  project  is  presented  as  Appendix  A.  This  final  listing 
provides  a  basis  for  the  subsequent  risk  estimation  process  or  processes. 


2.2.2  Qualitative  risk  analysis 

A  qualitative  analysis  of  the  risk  will  normally  proceed  for  each  hazard 
identified.  If  the  hazard  identification  has  been  adequately  broad  and 
comprehensive,  the  identified  hazards  will  include  some  hazards  that  do  not 
present  significant  risks.  A  qualitative  evaluation  of  the  hazards  is  therefore 
performed  as  an  initial  screening  to  eliminate  hazards  representing  a  risk 
sufficiently  low  to  exclude  them  from  further  consideration  in  the  quantitative 
analysis.  In  some  situations  it  may  not  be  necessary  to  go  beyond  the  qualitative 
risk  analysis  to  make  the  appropriate  decisions  on  risk  reduction  and  acceptance. 

In  a  qualitative  risk  assessment,  the  frequency  of  occurrence  and  the  extent  of 
the  consequences  are  expressed  in  terms  of  classes,  typically  three  to  five.  Each 
class  is  associated  with  a  numerical  range  and  a  qualitative  label.  An  example  is 
shown  in  the  Tables  2-1  and  2-2. 


Table  2-1  ~ 

Examples  of  Occurrence  (left)  and  Consequence  (right) 
Classifications  to  Be  Adopted  in  a  Qualitative  Risk  Analysis 


Foccurrence 

I  Class 

Frequency  of 

Occurrence 

Consequence 

Class 

- « -  .....  M 

Consequence  1 

Low 

“<0.01  per  year” 
or 

“Less  than  1  occurrence 
per  100  projects" 

Low 

“<$100,000” 

or 

“Less  than  5 
injuries" 

Medium 

“0.01-1.0  per  year” 
or 

"More  than  1  occurrence  per 

100  projects,  but  less  than 

1  occurrence  per  project” 

Medium 

“$100,000-$1 

million" 

or 

"More  than  5 
injuries  but  fewer 
than  2  fatalities” 

High 

>1.0  per  year 
or 

“More  than  once  per  project” 

High 

“>$1  million” 
or  I 

"More  than  2  1 

fatalities”  I 

Using  the  qualitative  classification  of  occurrence  and  consequences,  the  risk  level 
(i.e.,  the  combination  of  occurrence  and  consequence)  fits  into  a  convenient 
matrix  form: 
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Table  2-2 

Example  Risk  Table  Associating  a  Qualitative  Risk  Level  with 
Different  Combinations  of  Occurrence  and  Consequence 


Consequence 


Occurrence 


Low 


Medium 


Medium 


An  established  scheme  is  used  to  evaluate  the  risk  occurrence  and 
consequences  for  each  hazard.  This  scheme  should  be  defined  and  explained  in  a 
document  to  ensure  consistency  in  evaluations  by  different  people.  The 
qualitative  evaluation  will  typically  be  based  on 

•  Experience. 

•  Engineering  judgment. 

•  Readily  available  statistics. 

•  Inductive  reasoning. 

The  result  of  the  qualitative  risk  analysis  will  provide  an  overview  of  the  risk 
evaluation  that  can  be  used  to  help  determine  risk  reduction  measures  or  further 
quantitative  analysis. 

If  the  risk  assessment  is  to  be  taken  further  in  detail  to  a  quantitative  analysis, 
a  screening  process  is  used  to  focus  the  effort  of  the  more  detailed  and  elaborate 
analysis  on  the  hazards  that  dominate  the  qualitative  risk  picture.  A  typical 
screening  method  is  to  exclude  hazards  associated  with  qualitative  risks  in  the 
very  low  or  low  categories  of  combined  occurrence  and  consequence. 


Table  2-3 

Strategy  for  Screening  Hazards  to  Be  Considered  in  Quantitative 
Risk  Analysis 

Consequence 

Occurrence 

Low 

Medium 

High 

Low 

Medium 

High 

— 

illllM 
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If  more  than  one  type  of  consequence  is  considered  (cost,  delay,  human 
injury,  environmental  impact),  the  screening  of  a  given  hazard  should  be  done 
individually  for  each  type  of  consequence.  Hence,  a  hazard  can  qualify  as 
significant  to  be  included  in  the  quantitative  analysis  on  basis  of  one  or  more  of 
the  consequence  types.  In  the  quantitative  analysis,  it  will  thus  be  relevant  to 
focus  on  the  detailed  consequence  estimation  of  those  consequences  that  caused 
the  hazard  to  qualify. 


2.2.3  Quantitative  risk  analysis 

The  risk  analysis  may  proceed  to  the  quantitative  stage  based  on  the  outcome 
of  the  screening  process  and  the  purpose  of  the  risk  evaluation.  In  the  quantitative 
analysis  stage,  event  and  fault  trees  provide  a  general  framework  for  probabilistic 
risk  analysis.  The  event  tree  is  a  tool  used  to  break  down  the  development  of  a 
specific  hazard  or  situation  into  well-defined  scenarios.  A  discussion  of  event 
tree  construction  is  given  below.  A  fault  tree  is  intended  to  represent  the  logic 
and  track  the  calculation  of  the  probability  of  occurrence  of  a  specific  unwanted 
event  or  situation.  For  a  description  of  fault  trees  and  other  methods  and  relevant 
tools,  reference  can  be  made  to  several  standard  texts  (e.g.,  Henley  and 
Kumamoto  1981). 

The  construction  of  an  event  tree  is  straightforward.  An  event  tree  represents 
an  ordered  sequence  of  possible  events.  Each  stage  in  the  sequence  may  have  one 
or  more  possible  outcomes,  typically  characterized  by  a  discrete  set  of  alterna¬ 
tives.  The  branching  point  at  which  a  new  set  of  alternatives  is  introduced  is 
called  a  node. 

To  exemplify  the  concept  of  event  trees,  the  loss  of  towboat  propulsion 
during  the  final  tow  from  the  outfitting  pier  to  the  damsite  is  considered.  At  the 
outfitting  pier,  the  tow  (segment  and  tug)  will  be  aligned  parallel  to  the  current 
with  the  tug  pushing  downstream.  When  the  tow  has  reached  the  middle  of  the 
river  and  is  about  1,000  ft  (35  m)  downstream  from  the  outfitting  pier,  the  tow  is 
rotated  1 80  deg  and  continues,  backing  down  to  the  damsite,  as  shown  in 
Figure  2-3. 


Figure  2-3.  Illustration  of  final  tow  of  the  segment  from  outfitting  pier  (right)  to  damsite  (left) 
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If  the  propulsion  on  the  main  tug  is  lost,  the  tow  will  drift  with  the  current 
toward  the  bridges  and  lock  (i.e.,  from  right  to  left  in  Figure  2-3).  If  control  is  not 
regained  the  tow  may  ground,  collide  with  a  bridge,  or  collide  with  the 
midstream  lock  wall.  Assessment  of  the  sequence  in  terms  of  an  event  tree  is 
shown  in  Figure  2-4.  The  leftmost  state  represents  the  initiating  event,  loss  of 
propulsion.  The  branches  emanating  from  the  first  node  represent  two  possible 
tow  locations,  upstream  or  downstream  of  the  bridges.  The  second  set  of  nodes 
contains  branches  reflecting  the  successfulness  of  emergency  engagement  of  the 
auxiliary  tug,  and  the  third  set  of  branches  defines  the  development  of  the 
scenario  as  to  how  and  where  the  tow  is  finally  stopped. 


Initiating  event 


Loss  of  propulsion 
P=0.001 


Summary 


Location  relative  to; 
bridges 

Upstream 


P=0.667 


Downstream 


P=0.333 


Auxiliary  tug 

Type  of  contact  j 

engagement 

Successful 

P=0.333 

Not  successful 

Grounding  * 

P=0.667 


Successful 


P=0.333 

Collision  to  bridge 


P= 0.667 


P=0.050 
Not  successful 


P=0.950 


Grounding 


P=0.950 


Consequences 

Probability 

None 

0.00024 

Small 

0.00016 

Medium 

0.00030 

Large 

0.00030 

Sum 

0.00100 

Consequence: 
Damage  to  tow 


P=0.050 
Collision  to  lock  wall 


Under  control 
P=2.2e-4 

None 

Grounding 

P=1.5e-4 

Small 

Collision 

P=3.0e-4 

Large 

Under  control 
P=1.7e-5 

None 

Grounding 

P=1.6e-5 

Small 

Collision 

P=3.0e-4 

Medium 

Figure  2-4.  Illustration  of  event  tree  for  event  of  loss  of  propulsion  during  the  final  tow 

Note  that  the  selection  of  the  nodal  events  for  branches  and  the  discrete 
number  of  alternatives  or  branches  is  a  typical  engineering  modeling  problem 
that  involves  engineering  judgment  as  to  the  relative  benefits  of  coarser  versus 
finer  modeling. 

Numbers  indicating  probabilities  are  attached  to  the  various  branches.  The 
number  on  the  leftmost  state  is  the  probability  that  the  initiating  event,  here  a  loss 
of  propulsion,  will  occur  during  the  tow.  This  probability  is  determined  as  the 
duration  of  the  tow  multiplied  by  the  mean  rate  of  loss  of  propulsion.1  The  mean 
rate  may  be  estimated  from  actual  statistical  data,  preferably  for  a  subset  of  tows 
or  towboats  that  are  representative  of  those  under  consideration.  The  numbers 
attached  to  subsequent  branches  define  the  branch  probabilities,  conditional  on 


1  For  the  unusual  or  extreme  events  of  typical  interest,  the  mean  annual  rate  is  much  less 
than  1,  and  so  it  is  also  approximately  the  annual  probability  of  the  event,  the  probability 
of  two  or  more  such  events  being  effectively  zero.  In  practice,  therefore,  the  use  of  annual 
probability  and  mean  annual  rate  is  often  interchangeable. 
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the  outcomes  of  previous  branches  in  the  tree.  The  sum  of  the  probabilities  in  one 
branch  should  always  sum  to  1.0. 

Determination  of  event  tree  branch  probabilities  may  be  the  result  of 
estimates  using  engineering  judgment  in  the  absence  of  extensive  occurrence 
databases.  In  the  example  tree,  the  relative  likelihood  of  the  tow  being  upstream 
or  downstream  of  the  bridges  at  loss  of  power  is  based  on  the  length  of  the  two 
parts  of  the  tow  route  (upstream  of  bridges:  0.667;  downstream  of  bridges: 

0.333).  Engagement  of  the  auxiliary  tow  is  estimated  to  have  a  33  percent  chance 
of  being  successful  if  the  tow  is  upstream  of  the  bridge  and  only  5  percent  if 
downstream  of  the  bridges.  The  difference  results  from  the  limited  length 
available  downstream  for  the  engagement.  Finally,  the  probability  that  the 
resulting  type  of  contact  is  grounding  rather  than  collision  is  estimated  at 
33  percent  when  upstream  and  only  5  percent  when  downstream.  (Note  that 
assignment  of  branch  probabilities  in  an  event  tree  may  be  aided  by  fault  tree 
analyses.) 

An  event  tree  path  starting  from  the  original  node  flowing  through  a 
sequence  of  branches  to  the  right-hand  side  constitutes  one  unique  scenario.  For 
example,  in  the  tree  of  Figure  2.4,  one  such  scenario  is  {Loss  of  propulsion. 
Upstream  of  bridges,  Unsuccessful  auxiliary  tow  engagement.  Grounding}.  The 
leaf  or  end  point  of  each  path  in  the  event  tree  carries  a  description  of  the 
outcome  of  the  scenario.  It  may  be  as  simple  as  system  success  or  failure  (i.e.,  the 
tow  is  successful  or  not)  or  it  may  represent  measures  of  the  consequences  of  the 
scenario  in  the  form  of  a  vector  of  outcome  attributes  (e.g.,  dollars  and  lives  lost). 
In  Figure  2.4  the  outcomes  are  defined  in  terms  of  damage  to  the  segment:  None, 
Small,  Medium,  and  Large. 

The  displayed  probability  of  each  branching  event  or  condition  is  conditional 
on  the  occurrence  of  events  that  precede  it  in  the  tree.  Therefore,  the  joint 
probability  of  the  intersection  of  events  that  constitute  a  scenario  is  found  by 
simple  multiplication.  For  example,  for  the  scenario  {Loss  of  propulsion, 
Upstream  of  bridges,  Unsuccessful  auxiliary  tow  engagement,  Grounding},  the 
probability  is 

0.001  x  0.667  x  0.667  x  0.333  =  0.00015 

The  implied  damage  is  “Small.”  Determination  of  small  damage  in  terms  of 
quantitative  consequences  is  done  in  a  consequence  analysis  for  the  specific 
scenario. 

Note  that  the  total  probability  of  any  particular  consequence  category  can  be 
found  by  summing  the  probabilities  of  all  scenarios  that  lead  to  that  outcome.  So, 
the  probability  of  scenarios  with  only  small  damage  consequence  associated  with 
the  frequency  of  grounding  is  the  sum  of  the  probabilities  of  the  second  and  fifth 
scenarios:  0.000164.  Eliminating  the  probability  of  the  initiating  event,  estimated 
as  0.001  in  this  example,  it  follows  that  small  damage  consequence  is  expected  to 
occur  with  a  probability  of  1 6  percent  if  propulsion  is  lost. 
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Event  trees  can  include  the  notion  of  time  and  multiple  “levels”  of  branches 
(not  just  binary  or  Yes-No).  They  facilitate  dealing  with  lack  of  independence, 
i.e.,  the  conditional  probabilities  of  one  event  given  another.  Further,  one  may 
include  a  continuous  spectrum  of  branches  at  a  node,  usually  graphically 
represented  by  a  “fan”  originating  at  the  node.  There  need  not  be  a  temporal 
order  to  the  sequence  of  branches,  but  it  is  common  to  do  so. 

What  event  trees  do  not  do  well  is  “functional  analysis.”  This  means  that  at 
the  end  of  a  scenario,  event  trees  do  not  provide  a  formal  means  of  determining 
whether  that  particular  conjunction  of  events  leads  to  system  failure  or  not. 
Therefore,  unless  it  is  obvious  by  inspection,  one  may  need  to  use  other  tools, 
such  as  a  block  diagram  or  fault  tree  (both  of  which  display  the  logic  of  the 
system  relative  to  the  parts)  or  a  structural  analysis,  or  some  other  technique  of 
engineering  analysis  in  conjunction  with  an  event  tree  to  determine  the  outcome 
of  each  of  the  scenarios  whose  probability  of  occurrence  is  analyzed  by  the  event 
tree. 


2.3  Example  Project  Description — Braddock  Dam 

The  objective  of  the  Braddock  Dam  construction  project  is  the  construction 
of  a  replacement  dam  for  the  existing  fixed- weir  dam  at  Lock  and  Dam  2  on  the 
Monongahela  River,  located  as  shown  in  Figure  2-5.  The  new  dam  is  a  tainter- 
gated  dam  located  immediately  upstream  of  the  existing  dam  weir,  as  shown  in 
and  Figure  2-6  and  Figure  2-7.  It  will  extend  from  the  existing  lock  river  wall 
across  the  river  to  a  previously  constructed  weir  wall. 

Innovative  construction  techniques  are  adopted  for  the  submerged  part  of  the 
dam  structure.  The  sill  and  lower  pier  structure  will  be  prefabricated  in  a 
precasting  basin,  floated  and  transported  as  a  huge  barge  to  the  site,  and  installed 
on  drilled  shafts  at  the  damsite.  This  approach  eliminates  the  need  for  the 
extensive  temporary  cofferdam  that  traditionally  is  used  to  facilitate  construction 
of  the  dam  components  in  the  dry  below  water  level. 

In  relation  to  the  risk  analysis,  some  qualitative  characteristics  can  be 
highlighted  for  the  innovative  float-in  method  as  compared  to  the  in  situ 
construction  method  using  a  cofferdam: 

•  The  structures  go  through  many  different  stages  of  partial  completion  and 
different  conditions:  dry,  floating,  towed,  moored,  submerged.  Each 
situation  is  associated  with  certain  anticipated  loads  and  involves 
exposure  to  potential  unwanted  loads  (impact,  grounding). 

•  The  tow  and  float-in  operations  require  optimization  of  the  weight  of  the 
floating  structure  and  thus  of  the  temporary  structural  dimensions  such  as 
wall  thicknesses.  Thus,  there  is  limited  opportunity  to  provide  the  floating 
structures  with  robustness  toward  unforeseen  loads,  design  mistakes,  and 
construction  errors. 
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•  Large  structures  are  relocated  during  the  project.  They  will  be  exposed  to 
various  hazards  and,  because  of  the  large  investments  (cost  and  time)  they 
represent,  the  consequences  of  those  hazards  can  become  large. 

These  different  stages  and  conditions  imply  that  the  designer  has  to  consider 
more  situations  in  the  development  and  verification  of  the  design.  The  extended 
design  process  will  increase  the  potential  for  simple  errors,  omissions,  and 
overlooked  scenarios.  The  different  stages  and  situations  require  the  contractor  to 
make  more  detailed  activity  and  contingency  plans. 

These  qualitative  characteristics  should  be  realized  and  addressed  by  “higher 
than  normal”  emphasis  on  the  quality  of  design  work  and  on  planning  of 
construction  activities  and  contingency  situations.  In  the  course  of  the  present 
study,  the  impression  is  that  this  has  been  achieved  on  the  Braddock  Dam 
project. 
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Figure  2-5.  Location  of  the  project  area 


3  SfACWG  AREAS,  SEE 

r£  2 


Figure  2-6.  Location  of  new  dam  to  be  constructed  upstream  from  existing  Lock  and  Dam  2 


UPSTREAM  CUT-OFF 
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Figure  2-7.  Braddock  Dam 


3.0  Braddock  Dam  Risk 
Assessment  Study 


3.1  Construction  Sequence  Phases 

In  accordance  with  the  methodology  summarized  in  Section  2.1,  the  risk 
analysis  is  introduced  by  identifying  and  describing  the  construction  activities  in 
the  project.  The  main  activities  are 

•  Initial  planning,  procurement  and  preparations. 

•  Prefabrication  of  dam  segments. 

Prefabrication  in  precasting  basin. 

Launching  and  float-out. 

Tow/transport  to  outfitting  pier. 

Outfitting. 

Tow/transport  to  damsite. 

•  Fabrication  of  maintenance  bulkheads. 

•  Fabrication  of  tainter  gates. 

•  Damsite  activities. 

Preparation  of  dam  foundation. 

Setdown  of  prefabricated  dam  segments. 

Grouting  and  infill  of  prefabricated  dam  segments. 

Installation  of  prefabricated  tailrace  segments. 

Completion  of  pier  structures. 

Installation  of  tainter  gates. 

Tainter  gate  seals  adjustment  and  closure  pours. 

Construction  of  closure  weir. 

•  Demolition  of  existing  dam. 

•  Restoration  of  sites. 
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A  graphic  summary  of  the  project  is  given  in  Figure  3-1  illustrating  the 
locations  and  approximate  temporal  relationships  of  the  main  activities.  The 
following  text  subsections  give  a  short  description  of  the  project  activities.  A 
more  precise  listing  of  the  construction  activities  and  events,  which  is  used  as 
reference  throughout  this  risk  analysis,  is  provided  as  Appendix  A. 


Figure  3-1 .  Overview  of  project  activities 

3.1.1  Initial  planning,  procurement,  and  preparation 

These  events  include  the  activities  related  to  the  planning  and  design  of  the 
dam  prior  to  the  award  of  the  construction  contract.  The  type  of  design  and 
construction  contracts,  the  division  of  responsibility  between  architect/engineer 
and  construction  contractor,  and  the  required  completeness  of  the  drawings  and 
specifications  are  significant  parameters  for  these  activities. 

3.1.2  Prefabrication  of  dam  segments 

The  submerged  part  of  the  dam  is  divided  into  two  large  segments: 

•  Segment  1:  largest  segment  (333  ft,  1  in.  x  106  ft,  2  in.)  (105  x  32  m) 
with  three  bays  (fixed-weir,  water  quality,  and  standard  gate  bay). 

•  Segment  2:  smallest  segment  (249  ft,  1  in.  x  106  ft,  2  in.)  (76  x  32  m) 
with  two  standard  gate  bays. 
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The  segments  are  prefabricated  on  a  site  in  Leetsdale,  PA,  located  on  the 
Ohio  River  downstream  from  the  damsite.  The  prefabrication  site  consists  of 
excavated  basins — one  deep  and  one  shallow — that  permit  the  segments  to  be 
assembled  in  the  dry  and  launched  into  the  Ohio  River  by  a  controlled 
progressive  flooding  of  the  basins. 

The  segments  are  shell  structures  with  closed  compartments  to  provide 
buoyancy  and  stability  during  towing,  ballasting,  and  final  setdown.  To  obtain 
sufficient  buoyancy,  the  bays  between  the  prefabricated  piers  are  closed  with 
temporary  bulkheads  to  allow  dewatering  of  the  bays.  These  bulkheads  are  also 
used  for  dewatering  of  the  bays  at  site,  when  the  final  adjustment  of  seals  is  done 
and  the  closure  pours  are  made. 

When  completed  for  installation,  i.e.,  just  prior  to  setdown,  the  segments  will 
have  a  draft  of  approximately  15  ft  (4.6  m).  Sufficient  river  depth  for  this  draft 
cannot  be  assured  along  the  tow  transport  route  from  the  prefabrication  basin  to 
the  damsite  for  lower-bound  riverflows.  Consequently,  each  segment 
prefabrication  is  staged  such  that  most  of  the  segment  is  built  in  the  dry 
precasting  basin  in  Leetsdale.  The  fabrication  of  each  segment  will  be  limited  but 
complete  enough  to  ensure  flotation  at  a  maximum  draft  of  approximately  1 1  ft 
(3.4  m).  Each  semicomplete  segment  will  be  towed  to  an  area  slightly  upstream 
from  the  damsite  referred  to  as  an  outfitting  pier.  The  segment  is  moored  at  the 
outfitting  pier,  and  the  remainder  of  the  segment  construction  necessary  for 
installation  is  completed.  The  equipment  and  temporary  structures  necessary  for 
the  final  tow,  positioning,  and  setdown  are  installed. 

From  the  outfitting  pier  the  segment  is  towed  to  the  damsite  and  positioned 
for  setdown.  The  water  depth  for  the  approximately  2  miles  (3.2  km)  between  the 
outfitting  pier  and  the  damsite  is  sufficient  for  an  approximate  15-ft  (4.6-m)  draft. 

3.1.2.1  Establishment  of  the  precasting  basin.  Development  of  the 
prefabrication  basin  site  includes  driving  of  sheet  piles  to  seal  off  the  basin  from 
the  river,  dewatering  the  site,  and  finally,  excavating  the  basins.  The  sheet-pile 
arrangement  isolating  the  basin  from  the  river  will  include  a  braced  sheet-pile 
wall  arrangement  that  allows  a  channel  to  the  river  to  be  opened  for  float-out  of 
Segment  1  and  then  allow  the  basin  to  be  closed  again  for  construction  and 
launching  of  Segment  2. 

3.1.2.2  Prefabrication  in  the  precasting  basin.  The  float-in  segments  are 
produced  as  an  assembly  of  prefabricated  slabs,  walls,  and  shells.  A  concrete 
plant  adjacent  to  casting  and  curing  beds  will  be  used  to  prefabricate  the 
individual  components.  The  components  are  then  transported  from  the 
prefabrication  facility  to  the  assembly  area  in  the  precasting  basin  along  a  route 
of  approximately  300  to  400  yd  (275  to  365  m). 

The  segments  are  assembled  on  the  bottom  of  the  shallow  basin  that  is  above 
the  water  level  of  the  river.  The  construction  sequence  for  each  segment  is  as 
follows: 
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•  Erect  the  precast  panels. 

•  Cast  the  bottom  slab. 

•  Post-tension  the  slab. 

•  Cast  the  panel  closures. 

•  Install  temporary  bracing  inside  shells. 

•  Form  and  cast  top  slabs. 

•  Place  ballast  concrete. 

•  Install  downstream  bulkheads. 

•  Install  temporary  ballast  system. 

•  Install  mooring  and  towing  brackets. 

•  Install  downstream  grout  bags. 

3.1.2.3  Launching  and  float-out.  To  launch  the  finalized  segment,  the 
basin  is  flooded  and  the  water  within  the  basin  is  raised  to  a  level  that  is  15  ft 
(4.6  m)  above  the  river  stage.  The  segment  then  comes  afloat  from  its  rest  at  the 
shallow  basin  and  is  towed  to  the  deep  basin.  The  water  level  is  then  lowered  to 
the  river  stage.  When  the  conditions  are  appropriate  for  launching,  the  dike  to  the 
river  is  opened  and  the  segment  is  towed  out  of  the  basin. 

Segment  1  is  the  first  to  be  completed  and  will  be  launched  first.  The  channel 
will  be  closed  again  and  the  basin  dewatered  so  that  construction  of  Segment  2 
can  commence  or  continue.  When  Segment  2  is  ready  to  go  to  the  outfitting  pier, 
the  same  launch  procedure  is  followed.  Launching  of  Segment  2  will  not  start 
before  Segment  1  is  positioned  at  the  site.  Up  to  6  months  may  separate 
launching  of  the  two  segments. 

3.1.2.4  Tow  to  outfitting  pier.  The  tow  from  the  segment  production  site  at 
Leetsdale  to  the  outfitting  pier  1  mile  (1.6  km)  upstream  of  the  site  covers 

15  miles  (24  km)  along  the  Ohio  River  (to  Pittsburgh  Point)  and  approximately 
12.2  miles  (19.5  km)  along  the  Monongahela  River.  The  tow  will  pass  three  locks 
and  20  bridges,  as  detailed  in  Table  3-1.  The  tow  is  planned  to  take  16  hr  and 
will  require  three  tugs.  The  transit  will  end  by  mooring  of  the  segment  at  the 
outfitting  pier.  The  draft  of  the  segment  is  approximately  11  ft  (3.4  m). 
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Table  3-1 

Obstacles  Along  Tow  Route  from  Precasting  Yard  to  Outfitting 

Pier 

Mileage 

En  route  feature 

Navigation  Opening,  ft 

+15.0 

Start:  fabrication  yard  at  Leetsdale 

+ 13.3 

Dashields  Lock  and  Dam 

110 

+11.8 

Sewickley  Highway  Bridge 

724.0  x  73.4 

+8.7 

Interstate  79  Highway  Bridge 

725.0  x  68.0 

+6.2 

Emsworth  Locks  and  Dams 

110 

I  +3  3 

Pittsburgh-McKees  Rocks  Highway  Bridge 

750.0  x  100.6 

I  +2  4 

Ohio  Connecting  Railroad  Bridge 

508.0  x  67.9 

+0.8 

West  End  -  North  Side  Highway  Bridge 

755.0  x  66.3 

-0.2 

Fort  Pitt  Highway  Bridge 

640.0  x  47.1 

-0.7 

Smithfield  Street  Highway  Bridge 

344.0  x  42.5 

-1.0 

Port  Authority  Transit  Bridge 

351.0  x43.9 

-1.1 

Liberty  Highway  Bridge 

448.0  *  44.4 

-1.4 

South  Tenth  Street  Highway  Bridge 

705.7  x  50.3 

-2.3 

Birmingham  Highway  Bridge 

607.0  x  64.8 

-3.1 

Monongahela  Connecting  Railroad  Bridge 

311.0x48.4 

-5.9 

Glenwood  Highway  Bridge 

557.0  x  50.0 

-6.1 

CSX  Trans.  Railroad  Bridge 

453.0  x  50.5 

-7.2 

Homestead  Hi-level  Highway  Bridge 

516.3  x  51.2 

-8.5 

P.  &  L.  E.  Railroad  Bridge 

250.0  x  51.6 

R  ~9-3 

Union  Railroad  Bridge 

483.0  x  50.8 

H  -9*5 

Rankin  Highway  Bridge 

505.3  x  45.0 

- 11.2 

Locks  and  Dam  2  (Braddock) 

110.0 

-11.5 

Union  Railroad  Bridge 

378.0  x  55.2 

-11.6 

Conrai!  Railroad  Bridge 

393.0  x  45.6 

-12.2 

End:  Outfitting  pier  at  Duquesne 

3.1.2.5  Outfitting.  Outfitting  of  the  segment  involves  casting  of  additional 
concrete  for  the  completion  of  slabs,  placing  of  additional  concrete  to  extend  pier 
walls  to  el  726,  and  installation  of  equipment  required  for  positioning,  setdown, 
base  grouting,  and  structural  infill.  Work  tasks  include  construction  for  the 
following: 

•  Tremie  guide  sleeves. 

•  Temporary  work  deck. 

•  Ballast  system. 

•  Horn  guides  for  positioning. 

•  Winches. 
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•  Upstream  bulkheads  and  additional  downstream  bulkheads. 

•  Flat  jacks  for  leveling. 

After  outfitting,  the  segment  will  have  a  draft  of  approximately  15  ft  (4.6  m). 

3.1.2.6  Tow  to  damsite.  The  tow  of  the  segment  to  the  damsite  involves 
release  of  the  outfitting  pier  mooring,  towing  the  segment  approximately  1  mile 
downstream  to  the  damsite,  and  mooring  of  the  segment  for  the  final  positioning 
and  setdown.  The  allocated  time  window  is  24  to  48  hr. 

The  tow  passes  the  last  two  bridges  on  the  route  from  the  precasting  yard  to 
the  outfitting  pier,  as  listed  in  Table  3.2. 


Table  3-2 

Obstacles  Along  Tow  Route  from  Outfitting  Pier  to  Damsite 

Mileage 

En  Route  Feature 

Navigational  Opening,  ft 

-12.2 

Start:  outfitting  pier  at  Duquesne 

-11.6 

Conrail  Railroad  Bridge 

393.0  x  45.6 

-11.5 

Union  Railroad  Bridge 

378.0  x  55.2 

-11.2 

End:  site  for  Braddock  Dam  and  Locks 

Note:  To  convert  miles  to  kilometers,  multiply  by  1.609347;  to  convert  feet  to  meters,  multiply  by 

|  0.3048. 

. . .  . 

3.1.3  Production  of  maintenance  bulkheads 

The  project  also  includes  fabrication  of  maintenance  bulkheads  for  the  tainter 
gate  bays  and  transportation  of  those  to  a  dedicated  storage  yard.  The  bulkheads 
may  or  may  not  be  used  during  construction  for  dewatering  of  a  tainter  gate  bay. 


3.1.4  Damsite  activities 

3.1.4.1  Preparation  of  foundation.  The  foundation  for  the  segments 
consists  of  an  excavation  bounded  by  cutoff  walls  up  and  downstream  of  the 
segment  position.  Drilled  shafts  and  driven  H-piles  are  installed  inside  the 
excavation,  and  the  bottom  of  the  excavation  is  finished  with  a  screeded  gravel 
base.  All  of  the  foundation  preparations  are  performed  in  the  wet  before  arrival  of 
the  segments. 

Just  prior  to  launching  of  the  segment  from  the  outfitting  pier,  the  subgrade 
at  the  site  is  prepared  for  setdown.  This  involves  resounding,  removal  of  any 
siltation  by  suction  pump,  and  installation  of  inflatable  fabric  bags  for 
subdivision  of  the  underbase  grouting  area. 

3. 1.4.2  Positioning  and  setdown.  The  segments  are  towed  by  tugs  to  the 
dam  position  and  are  aligned  parallel  to  the  current.  Segment  1  will  be  positioned 
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with  its  center  above  the  axis  of  the  dam  while  Segment  2  initially  is  positioned 
and  aligned  upstream  from  the  dam  axis. 

The  support  tug  is  released  from  the  segment  while  the  main  tug  remains 
attached.  The  support  tug  runs  mooring  lines  from  the  segment:  four  lines  to 
upstream  mooring  piles,  two  lines  to  downstream  anchors,  and  two  to  other 
mooring  points  (one  on  land  and  one  on  the  lock  river  wall). 

Once  the  mooring  lines  are  connected,  rotation  of  the  segment  is  initiated  and 
mooring  lines  are  tensioned  to  take  over  control  of  the  segment.  When  mooring 
lines  are  tensioned  and  positioning  control  using  the  lines  is  ensured,  the  main 
tug  is  released  and  the  associated  towing  arrangements  are  removed. 

Using  the  upstream  and  downstream  mooring  lines,  the  segment  is  rotated  to 
align  with  the  dam  axis.  Segment  2  is  at  this  stage  approximately  300  ft  (90  m) 
upstream  from  the  final  position  and  will  be  winched  downstream  to  the  dam 
axis. 

Using  transverse  mooring  lines,  the  segment  is  shifted  to  the  intended 
position  parallel  to  the  dam  axis. 

The  setdown  bracket  is  aligned  over  the  horn  guide.  For  Segment  1  the  horn 
guide  is  mounted  on  the  lock  river  wall;  for  Segment  2  the  guide  is  mounted  on 
Segment  1.  The  segment  is  ballasted  to  within  6  in.  (150  mm)  of  grade,  and  final 
horizontal  alignment  is  ensured  using  hydraulic  rams  acting  on  the  neighboring 
structures. 

The  segment  is  set  down  resting  on  hydraulic  flat  jacks  on  six  drilled  shafts. 
The  segment  is  leveled  with  the  hydraulic  system,  and  the  flat  jacks  are  grouted. 
Finally,  the  bays  are  flooded  to  provide  and  maintain  a  submerged  weight  on  the 
segment  of  1 0  to  20  percent  of  the  segment  weight. 

3.1.4.3  Grouting  and  infill.  Underbase  grouting  starts  by  inflating 
preinstalled  transverse  fabric  bags  with  grout.  This  will  subdivide  the  underbase 
void  into  manageable  sizes.  The  downstream  grouting  bag  is  then  filled  to  form  a 
seal,  and  the  grouting  can  commence  one  area  at  a  time,  starting  at  the 
downstream  seal  toward  the  upstream  opening. 

After  completion  of  the  underbase  grouting,  the  flat  jacks  and  sand  jacks  are 
removed.  All  bays  are  flooded  to  ensure  loading  of  the  underbase  grouting,  and 
the  top  of  the  drilled  shafts  are  then  grouted. 

Infill  of  the  segment  compartments  starts  by  placing  tremie  concrete  in  all 
compartments  with  piles.  Then  the  downstream  (low)  compartments  are 
completely  tremied  and  a  layer  of  1 1  ft  (3.4  m)  of  tremie  is  placed  in  the 
upstream  (high)  compartments. 

The  remainder  of  the  infill  concrete  to  be  placed  in  the  upstream 
compartments  and  in  the  piers  is  poured  in  the  dry  by  5-ft  (1.5-m)  lifts.  The  bay 
will  be  dewatered  to  permit  this  operation.  Only  one  bay  can  be  dewatered  at  a 
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time.  All  infill  concrete  has  to  be  placed  in  Segment  1  before  Segment  2  is 
floated  in  and  positioned  adjacent  to  Segment  1. 

3.1.4.4  Construction  of  tailrace.  Atailrace — essentially  a  downstream 
extension  of  the  top  slab  of  the  downstream  part  of  the  segment — is  to  be 
constructed.  Precast  slabs  are  placed  to  rest  on  the  downstream  edge  of  the 
segment  and  on  the  downstream  cutoff  wall.  The  void  beneath  the  slabs  is  filled 
with  tremie  concrete.  The  tailrace  can  be  constructed  at  any  time  after  both 
segments  have  been  filled  with  concrete.  Due  to  the  interlocking  arrangement  of 
the  precast  slabs,  the  work  has  to  commence  sequentially  from  the  river  lock  wall 
end  of  Segment  1  to  the  abutment  side  of  Segment  2. 

3.1.4.5  Construction  of  piers.  The  piers  on  the  float-in  segments  have  been 
completed  to  reach  above  water  level  when  the  segments  are  in  place.  Thus, 
completion  of  the  piers  can  be  done  using  in-the-dry  concrete  construction.  The 
concreting  work  will  be  performed  offshore.  Prefabricated  shells/walls  are 
erected  to  form  the  outline  of  the  pier,  and  infill  concrete  is  placed  where  the 
structure  is  to  be  massive. 

3. 1.4.6  Installation  of  tainter  gates.  Tainter  gates  and  gate  machinery  is 
installed  when  the  concrete  structure  is  completed.  All  structural  concrete  will  be 
cured  for  at  least  28  days  before  the  tainter  gates  are  installed. 

The  gates  are  prefabricated  and  will  arrive  completely  assembled  on  a  barge. 
During  this  process,  the  barge  enters  the  bay,  the  gate  is  mounted  to  the 
trunnions,  and  the  hydraulic  actuators  are  attached.  The  gate  is  lifted  off  the 
barge  using  the  hydraulic  actuators,  and  the  barge  is  floated  out. 

3. 1.4.7  Sealing  adjustment  and  closure  pours.  Up  and  downstream 
bulkheads  are  installed  in  the  bay,  and  the  bay  is  dewatered  to  allow  adjustment 
of  the  sealing  arrangement  and  placement  of  closure  pours.  Again,  only  one  bay 
can  be  dewatered  at  a  time. 

3. 1.4.8  Construction  of  closure  weir.  A  fixed  weir  is  used  to  close  the  dam 
from  Segment  2  to  the  shore.  The  closure  weir  is  constructed  using  circular  sheet- 
pile  cells  filled  with  granular  material  and  topped  with  a  concrete  cap.  The 
closure  weir  is  the  last  element  to  be  constructed  on  the  dam. 


3.1.5  Demolition  of  existing  dam 

Demolition  of  the  existing  dam  will  be  associated  with  a  permanent  lowering 
of  the  water  level  in  the  pool  between  the  new  and  the  existing  dam.  This  will 
lead  to  changes  in  the  loading  on  the  new  dam,  on  the  lock  river  wall  and  on  the 
left  abutment  wall. 

The  stability  of  the  left  abutment  wall  will  be  ensured  by  installing  a  drainage 
system  in  the  embankment  and  rock  anchors  to  support  the  abutment  wall.  This 
system  is  installed  and  put  into  operation  in  parallel  with  the  demolition  of  the 
existing  dam. 
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The  demolition  is  initiated  by  making  a  5-ft  (1.5-m)  opening  in  the  existing 
dam.  This  will  lead  to  a  slow  dewatering  of  the  pool  between  the  two  dams  and 
will  allow  inspection  of  the  effects  on  the  lock  river  wall,  the  new  dam,  and  the 
left  abutment  wall.  In  case  of  problems,  the  gates  of  the  new  dam  will  be  opened 
to  restore  the  water  level  in  the  pool. 

After  it  can  be  determined  with  assurance  that  the  dewatering  will  be  safe, 
the  contractor  is  given  permission  to  continue  demolition  of  the  existing  dam. 


3.1.6  Restoration  of  sites 

Finally,  all  sites  are  to  be  restored. 


3.2  Hazard  Identification 

A  sequence  of  hazard  identification  brainstorming  sessions  were  held  using 
the  project  description  and  the  main  activity  list  presented  in  the  previous  section 
as  a  basis  for  initial  reference.  Braddock  Dam  design  engineers  and  senior 
engineers  with  broad  experience  in  marine  structures  design  and  construction 
activities  participated  in  those  sessions,  together  with  the  risk  analysis  team.  The 
team  assembled  for  these  sessions  consisted  of  staff  personnel  with  a  variety  of 
backgrounds,  as  detailed  below. 

Braddock  Dam  Study — Hazard  Identification  Team: 

Ben  C.  Gerwick,  Jr. 

Principal,  Ben  C.  Gerwick,  Inc.;  Professor,  University  of  California 
Experience:  55  years  with  marine  construction 

C.  All  in  Cornell 

Research  Professor,  Stanford  University 
Experience:  40  years  teaching  Probability  Theory 

Robert  B.  Bittner 

Chief  Engineer,  Ben  C.  Gerwick,  Inc.;  Braddock  Project  Engineer 
Experience:  32  years  with  marine  construction 

NeilJ.  Tuholski 

Senior  Structural  Engineer,  Ben  C.  Gerwick,  Inc. 

Lead  Engineer,  Olmsted  Dam-Navigable  Pass  Section 

Experience:  32  years  with  ship,  heavy  industrial,  and  marine  structures 
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Henrik  Gluver 
Senior  Engineer 

Experience:  14  years  with  research  and  development,  risk  analysis, 
and  probabilistic  analyses 

As  an  introductory  exercise  for  the  participants  not  familiar  with  the  concepts 
of  hazard  identification  and  to  initiate  discussion,  a  large  sample  of  hazards 
(ranging  from  more  to  less  obvious)  was  initially  suggested  by  the  risk  analysis 
team. 

Several  sessions  were  held,  and  the  results  of  each  session  were  amended  and 
documented  in  the  hazard  summary  (Appendix  A).  The  hazard  summary 
documentation  was  used  as  input  for  each  successive  session. 

Various  techniques  were  used  in  the  sessions  to  ensure  sufficient  coverage 
when  possible.  The  participants  were  guided  to  consider  and  identify  special 
elements,  situations,  or  conditions  on  the  basis  of  a  generalized/qualitative 
description.  Illustrations  are  described  below. 

•  A  segment  in  the  construction  work  possesses  large  momentum  and 
energy  (kinetic  due  to  movement,  potential  due  to  elevation)  and  can 
therefore  cause  a  large  amount  of  damage  if  this  energy  is  unintentionally 
released  or  transferred. 

[Examples:  During  towing,  a  segment  possesses  a  large  kinetic  energy.) 

•  A  part  of  the  construction  work  is  exposed  to  extreme  environmental 
conditions. 

[Example:  A  segment  moored  at  the  outfitting  pier  will  be  exposed  to 
flood  situations.] 

•  Completion  of  a  certain  operation  relies  on  unique  equipment  or 
personnel.  Malfunction  of  or  damage  to  the  equipment  or  incapacitation 
of  the  person  is  a  hazard  for  the  operation.  Unavailability  of 
equipment/person  incurs  delay  or  forces  the  contractor  to  use  less  suited 
equipment  or  less  qualified  personnel. 

[Example:  Winches  used  for  final  positioning;  ballasting  control  systems; 
tug  officers  trained  for  the  tow  operations;  etc.] 

•  The  load  applied  to  a  structure  can  change  significantly  from  the 
conditions  used  for  design  during  a  particular  operation.  This  can  initiate 
a  structural  failure. 

[Example:  During  outfitting,  the  draft  of  the  segment  may  increase 
beyond  the  draft  used  for  design  checks,  and  the  hydrostatic  load  on 
various  components  of  the  structure  could  consequently  rise  beyond  the 
design  pressures.  A  similar  condition  may  occur  during  the  final  setdown 
operation  when  the  mass  of  the  structure  and  the  hydrodynamic  added 
mass  both  increase.] 

•  Certain  tasks  of  a  work  or  contingency  procedure  are  essential  for  the 
quality  or  safety  of  the  structures.  Incomplete  execution  or  omission  of 
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those  tasks  can  present  a  hazard.  Procedures  that  are  not  frequently  used, 
such  as  contingency  procedures,  are  prone  to  these  discrepancies. 
[Example:  Release  of  the  lines  mooring  a  segment  to  the  outfitting  pier 
must  be  implemented  in  a  flood  situation.  Inadequate  release  of  these 
lines  could  cause  the  segment  to  be  flooded  when  the  river  rises.] 

•  Loss  of  utilities  or  continuous  deliveries. 

[Example:  Loss  of  power  in  the  final  setdown  phase.  Loss  of  concrete 
delivery  during  tremie  concreting.] 

•  Certain  extreme  conditions  that  pose  an  obvious  hazard  have  been 
addressed  extensively,  but  the  opposite  situation  may  also  present  a 
hazard. 

[Example:  Flooding  is  of  concern  for  the  project  and  has  been  addressed, 
but  insufficient  water  level  may  be  a  problem  during  the  tow.] 

In  the  quantitative  analysis  of  the  identified  hazards,  the  risk  analyst  will 
develop  a  deeper  and  more  detailed  understanding  of  the  governing  conditions, 
procedures,  and  sequences  for  the  activities  exposed  to  the  hazard.  Additional 
hazards  are  likely  to  be  realized  in  this  work.  Furthermore,  decisions  may  be 
taken  on  the  project  that  will  eliminate  some  hazards.  Thus,  the  hazard  list  will 
normally  be  developing  continuously  during  the  risk  analysis  work. 

A  qualitative  analysis  and  the  following  screening  of  the  hazards  identified 
for  the  Braddock  Dam  project  have  not  been  thoroughly  performed  within  the 
present  study.  If  performed,  the  analysis  would  be  done  by  the  same  method  as 
the  hazard  identification  utilizing  the  expert  brainstorming  sessions  and  would 
follow  the  general  guidelines  given  in  Section  2.2.2. 


3.3  Quantitative  Analysis 

A  complete  quantitative  calculation  of  the  risk  associated  with  all  the 
identified  hazards  for  Braddock  Dam  is  not  within  the  scope  of  the  present  study. 
Selected  hazards  have  been  subjected  to  a  quantitative  analysis  to  illustrate  the 
general  guidelines  on  quantitative  risk  analysis  given  in  Section  2.2.2.  From  the 
group  of  hazards  with  potentially  large  consequences  (loss  of  a  segment),  specific 
hazards  were  selected  for  quantitative  analysis  to  illustrate  various  calculation 
methods.  The  selected  hazards  are: 

•  Engineering  design  inadequacy. 

•  Construction  engineering  problem  with  potential  for  severe  damage  or 
loss. 

•  Construction  contractor  problem  with  potential  for  severe  damage  or  loss. 

•  Collision  with  a  bridge  pier  during  tow  of  segment. 
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•  Grounding  of  a  segment  during  tow. 

•  Contingency  mooring  failure  at  the  outfitting  pier  during  high  river  stage. 

•  Segment  floats  over  the  outfitting  pier  during  high  water  and  is  damaged 
when  the  river  stage  drops. 

The  analyses  are  documented  in  Appendix  B.  Examples  of  the  techniques 
used  to  calculate  the  occurrence  frequencies  and  consequences  are  discussed  in 
the  following  sections. 


3.3.1  Probabilities  of  occurrence 

Calculation  of  the  probability  of  occurrence  is  generally  found  to  be  the  most 
complex  part  of  the  quantitative  risk  analysis.  The  diversity  of  the  identified 
hazards  uses  different  modeling  and  calculation  approaches  based  on  the 
statistical  data  available.  This  is  true  in  particular  for  construction  projects  that 
involve  many  different  types  of  activities  and  processes  and  are  exposed  to 
different  types  of  interaction  with  the  surroundings.  A  risk  analysis  of  a  well- 
defined  production  facility  will  offer  better  opportunities  for  establishment  of 
standard  statistics  and  calculation  methods.  Another  method  that  can  be  used  to 
estimate  probabilities  of  occurrence  and  cost/consequences  is  Expert-Opinion 
Elicitation  (EOE).  This  method  originated  from  the  Delphi  Method  but  uses  a 
formalized  setting  of  gaining  opinions  from  experts  to  assist  in  developing 
probabilities  for  use  in  a  wide  variety  of  applications.  Additional  information  for 
the  use  of  EOE  can  be  found  in  Ayyub,  Blair,  and  Patev  (2002). 


3.3.2  Engineering  design  inadequacy  (Hazard  1.1.1  a  +  b) 

This  hazard  is  of  a  general  nature  because  the  character  and  location  of  the 
design  inadequacies  are  generally  not  known.  An  error  in  the  design  stability 
calculations  of  a  segment  for  various  floating  stages  is  one  type  of  error  that 
warrants  highlighting  separately. 

The  main  source  of  information  about  the  frequency  of  structural  design 
inadequacies  is  project  statistics.  These  statistics  are  not  sufficiently  extensive 
and  explicit  to  allow  a  breakdown  into  specific  error  types. 

The  frequency  of  design  errors  (in  general)  that  have  had  significant 
consequences  is  based  on  the  marine  construction  project  overview  provided  in 
Appendix  C.  Only  a  few  projects  (3  of  108)  are  directly  comparable  to  the 
Braddock  Dam  project.  This  amount  of  data  does  not  provide  a  statistically 
significant  basis.  The  available  project  statistics  from  Appendix  C  are 
summarized  in  Table  3-3. 
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Table  3-3 

Problems  Experienced  in  Marine  Projects  Listed  in  Appendix  C 
That  Could  Be  Traced  to  Design  Engineering  Inadequacies 


Project  Type 

Number  of 
Projects 

Sign 

Catastro 

ificant1  or 
phic2  Problem 

Catastrophic2  j 

Problem  I 

Number 

Relative 
Frequency  % 

Number 

Relative  1 

Frequency  %  H 

Offshore  platforms 

36 

3 

8 

1 

3  H 

Floating  vessels, 
bridges,  docks 

18 

0 

<6 

0 

<5  1 

Locks  and  dams 

3 

1 

33 

0 

<25 

Immersed  and  floating 
tunnels 

51 

2 

4 

0 

<2 

All  projects 

108 

6 

5.6 

1 

0.93  \ 

A  significant  problem  corresponds  to  the  Medium  consequence  category. 
2_fKcatastrophic  problem  corresponds  to  the  High  consequence  category. 


The  probability  of  significant  or  catastrophic  problems  due  to  design 
engineering  inadequacies  ranges  from  4  to  33  percent.  The  high  value  of 
33  percent  is  based  on  only  three  cases.  The  single  common  average  is 
5.6  percent.  Hence,  using  the  common  average,  approximately  1  out  of 
18  projects  is  exposed  to  a  design  inadequacy  with  severe  consequences.  The 
similar  probabilities  for  catastrophic  consequences  range  from  <2  to  <25  percent 
with  a  common  average  of  0.93  percent,  representing  1  out  of  every  108  projects. 

It  is  tempting  to  use  the  simple  statistics  for  catastrophic  problems  associated 
with  the  project  types  “locks  and  dams”  and  “immersed  and  floating  tunnels.” 
However,  the  statistics  of  no  situations  occurring  for  a  small  sample  does  not 
imply  that  the  probability  can  be  concluded  to  be  zero.  A  rough  intuitive  estimate 
of  an  upper  bound  on  the  probability  could  be  based  on  the  assumption  that  an 
imaginative  “next  project”  in  the  population  would  have  catastrophic 
consequences.  In  that  case,  the  probability  estimate  for  the  two  populations 
would  be  1/4  =  25  percent  and  1/52  =  2  percent,  respectively.  It  is  noted  that, 
according  to  estimation  theory,  these  values  represent  the  78  and  98  percent 
upper  confidence  limits,  respectively,  and  represent  upper  bounds  on  the 
catastrophic  consequences  probability. 

Considering  the  uncertainties  inherent  in  risk  analysis  and  the  magnitude  of 
the  occurrence  probabilities  established  for  the  other  hazards,  it  is  not  significant 
whether  the  probability  of  a  catastrophic  problem  due  to  design  errors  is  2,  3,  5, 
or  even  25  percent.  The  risk  contribution  for  a  catastrophic  design  problem  will 
typically  be  among  the  dominant  risks,  whichever  value  is  used.  The  estimate 
based  on  all  projects  (0.93  percent)  is  used  in  the  calculations  in  Appendix  B. 

The  statistics  given  in  Appendix  C  also  provide  the  basis  for  estimating  the 
occurrence  frequency  of  engineering  construction  errors  and  construction 
contractor  errors.  The  associated  hazards  are  3.1.1  a+b:  Construction 
engineering  problem  and  3.1.1  c+d:  Construction  contractor  problem. 
Determination  of  the  occurrence  probability  for  those  follows  the  approach 
described  above. 
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3.3.3  Collision  to  bridge  pier  during  tow  of  segment  (Hazard  3.7.3  b) 

The  probability  of  occurrence  of  this  hazard  has  been  analyzed  using 
calculation  models  specified  for  risk  analysis  of  ship  impact  to  bridges  as 
presented  in  Federal  Highway  Administration  (FHWA)  (1990).  The  model  uses 
the  size  of  the  vessel  (here  the  segment),  the  size  of  the  navigational  opening  in 
the  bridge,  and  the  characteristics  of  the  waterway  in  the  vicinity  of  the  bridge  to 
calculate  the  probability  of  an  impact.  The  probability  of  aberrancy  (that  the  tow 
looses  control)  is  based  on  statistics  given  in  Whitney  et  al.  (1996)  for  a  flotilla  or 
barge  tow.  The  expected  value  for  the  aberrancy  probability  on  the  Ohio  River  is 
determined  to  be  5.29  x  10"4.  This  value  is  significantly  above  the  base  rate  of 
1.2  x  10'4  suggested  in  FHWA  (1990),  and  the  higher  value  is  adopted  in  the 
present  assessment.  The  impact  calculation  is  systematically  made  for  each  of  the 
20  bridges  to  be  passed  on  the  route,  leading  to  a  0.57  percent  probability  of 
collision. 

From  the  framework  of  the  calculation  model,  it  follows  that  the  collisions 
for  which  the  probability  is  calculated  cover  both  minor  and  more  severe 
collisions.  A  crude  representation  of  this  is  introduced  by  assuming  that 
65  percent  of  the  collisions  are  small  (i.e.,  with  minor  damage  as  the  result), 

30  percent  of  the  collisions  are  moderate  with  some  damage,  and  only  5  percent 
of  the  collisions  will  be  severe  with  catastrophic  loss  of  segment  consequences. 
This  is  based  on  engineering  judgment. 


3.3.4  Grounding  of  a  segment  during  tow  (Hazard  3.7.1  a) 

A  source  of  information  for  the  probability  of  grounding  while  a  tow  is 
passing  a  certain  stretch  of  river  is  the  navigational  accident  database  published 
by  the  U.S.  Coast  Guard.  For  this  example,  data  from  1996-97  have  been  used. 
These  data  are  publicly  available  on  the  Internet,  and  the  charts  in  Figure  3-2 
show  the  accidents  recorded  along  the  tow  route. 

To  derive  a  frequency  of  grounding  per  passage,  the  observed  number  of 
accidents  has  to  be  made  relative  to  the  number  of  tows  that  have  passed  along 
the  route  during  the  time  interval  considered.  Hence,  the  traffic  has  to  be  known. 
The  U.S.  Army  Corps  of  Engineers  provides  useful  information  for  this  purpose 
in  terms  of  published  lock  passage  statistics.  This  database  is  called  the  Lock 
Performance  Monitoring  System  (LPMS)  and  is  also  publicly  available  on  the 
Internet.  Using  the  statistics  from  LPMS  for  1996-97  on  the  number  of  barge 
tows  that  locked  through  the  three  locks  along  the  route,  about  13  tows  pass 
through  the  locks  per  day.  This  becomes  about  1 0,000  passages  of  the  route  for 
the  period  1996-97.  Four  accidents  similar  to  groundings  were  recorded.  An 
estimate  of  the  probability  for  an  accident  during  one  passage  of  the  route  thus 
becomes 


Probability  estimate 


4 _ 

10,000 


=  0.04  percent 
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Figure  3-2.  Locations  of  tow  accidents  along  the  planned  tow 
route  (as  reported  by  the  U.S.  Coast  Guard  for 
1996-971) 


1  The  mapping  of  the  river  contour  is  approximate.  This  explains  that  some  accidents 
appear  to  be  located  on  land. 
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A  factor  of  2  is  applied  because  two  segments  are  to  be  towed,  and  a 
reduction  factor  of  1/3  is  introduced  because  the  tow  will  be  done  in  a  “good  time 
window,”  most  likely  with  the  traffic  on  the  river  shut  down  during  the  tow.  This 
brings  the  estimated  probability  of  grounding  down  to  0.03  percent. 


3.3.5  Contingency  mooring  failure  at  the  outfitting  pier  during  high 
river  stage  (Hazard  3.8.1  e) 

A  single  mooring  point  will  be  constructed  upstream  of  the  outfitting  pier  as 
a  contingency  in  the  event  of  a  flood  with  a  segment  at  the  outfitting  pier.  The 
mooring  point  is  designed  for  hydraulic  forces  corresponding  to  a  500-year  return 
period  flood.  Overloading  may  occur  if  a  more  severe  flood  occurs  while  a 
segment  is  at  the  pier.  The  mooring  system  failure  load  is  conservatively 
assumed  as  twice  the  design  load  for  calculating  the  occurrence  probability.  A 
larger  capacity  demand  ratio  is  typical. 


The  river  hydrology  statistics  at  the  outfitting  pier,  as  defined  in  the  project 
Design  Memorandum,  are  used  to  calculate  the  probability  of  exceeding  twice 
the  design  load.  The  drag  force  on  the  segment  is  assumed  to  be  proportional  to 
the  square  of  the  river  velocity,  so  exceeding  twice  the  design  load  is  equal  to  the 
river  velocity  exceeding  1.41  times  the  design  velocity.  The  return  period  of  a 
river  velocity  equal  to  or  larger  than  this  value  is  estimated  to  be  2  x  109  year.1 
Each  segment  will  be  located  at  the  outfitting  pier  for  a  3-month  period;  thus,  the 
probability  of  exceeding  the  contingency  mooring  system  capacity  while  one  of 
the  two  segments  is  at  the  outfitting  pier  becomes 


2  x 


0.25  year 
2  x  10  year 


=  2.5  x  10'10 


This  occurrence  probability  can  be  considered  negligible.  However,  this 
estimate  covers  only  structural  failure  of  the  mooring  system.  It  does  not  include 
the  possibility  of  inadequate  design  or  construction  of  the  mooring  or  attachment 
to  the  mooring  point.  Due  to  the  very  small  probability  of  structural  failure, 
human  errors  in  relation  to  fabrication  and  mounting  are  likely  to  be  governing  in 
this  case.  This  is  covered  in  the  general  hazards  dealing  with  design  or 
construction  inadequacies.  (See  Section  3.3.2.) 


3.3.6  Segment  floats  over  the  outfitting  pier  during  high  water  and  is 
damaged  when  the  river  stage  drops  (Hazard  3.8.1  f) 

An  extended  fender  system  is  installed  to  prevent  a  segment  from  floating 
over  the  outfitting  pier  during  a  flood.  The  extended  fender  is  designed  for  a 
flood  with  a  500-year  return  period.  The  fender  will,  if  properly  designed,  be  able 
to  function  at  a  very  high  probability,  ensuring  that  the  reliability  of  the  fender 
will  be  close  to  100  percent.  The  fender  system  reliability  reduces  as  the  river 


1  Available  statistical  data  do  not  explicitly  cover  such  infrequent  situations,  and 
theoretical  approximations  have  been  extrapolated  to  provide  this  return  period. 
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stage  rises  above  the  500-year  recurrence  stage.  When  the  river  stage  is  1 0  ft 
(3  m)  above  the  500-year  level,  a  segment  bottom  will  be  clear  of  the  fender 
system  and  the  reliability  of  the  fender  system  will  be  0  percent.  It  is  assumed  for 
this  study  that  the  reliability  varies  linearly  from  100  percent  at  the  design  river 
stage  to  0  percent  at  10  ft  (3  m)  above.  Integration  of  this  variation  with  the 
probability  density  function  of  the  flood  level  leads  to  an  occurrence  probability 
estimate  of  segment  float-over  of  approximately  1 .8  x  1  O'4.  Thus,  this  hazard  has 
a  higher  occurrence  probability  than  the  contingency  mooring  failure. 

The  probability  of  a  segment  finally  resting  on  top  of  the  outfitting  pier  will 
not  occur  before  the  river  stage  drops  again,  and  only  if  the  segment  remains  in  a 
lateral  position  over  the  outfitting  pier.  This  offers  opportunities  for  intervention 
or  hydraulic  velocity  toward  midstream  to  prevent  a  situation  from  developing 
that  would  have  serious  consequences.  This  is  represented  in  the  event  tree 
shown  in  Figure  3-3. 


Fender  Failure 

Remedy  attempted  before  level  drops 

Remedy  successful 

No  consequences 

P=1.8e-4 

P=0.900 

P=0.900 

P=1 ,5e-4 

Not  successful 

Lands  on  top  of  pier 

Lands  on  top  of  pier 

P=0.100 

P=0.500 

P=8.3e-6 

Stays  clear 

No  consequences 

P=0.500 

P=8.3e-6 

No  action 

Lands  on  top  on  pier 

Lands  on  top  of  pier 

P=0.100 

P=0.500 

P=9.2e-6 

Stays  clear 

No  consequences 

P=0.500 

P=9.2e-6 

Figure  3-3.  Event  tree  describing  possible  scenarios  for  segment  overtopping  of  the  outfitting 
during  a  flood 


The  event  tree  branching  probabilities  are  based  on  engineering  judgment. 
This  will  often  be  the  case,  since  more  substantiated  statistical  values  are  not 
available.  By  making  allowance  for  intervention  and  change,  the  probability  that 
a  segment  lands  on  top  of  the  pier  is  estimated  at  9.2  x  10‘6  +  8.3  x  10'6  = 

1.76  x  10'5  or  0.00176  percent. 


3.4  Consequence  Evaluation 

The  primaiy  types  of  consequence  in  a  construction  risk  analysis  are  damage 
to  the  construction  works  and  delay  of  the  project.  Depending  on  the  project,  it 
may  be  relevant  also  to  consider  the  risk  of  human  injury  and  the  risk  of 
environmental  damage.  For  the  present  project,  however,  these  are  not 
considered  relevant. 

The  direct  consequences  of  a  hazard  will  typically  be  damage  to  or  loss  of 
parts  from  the  project  structures.  The  cost  and  time  required  to  reestablish  the 
damaged  or  lost  structures  is  used  as  the  quantifiable  consequences.  In  the 
present  study  the  contractor’s  schedule  and  cost  breakdown  have  been  made 
available  so  that  evaluation  of  cost  and  delay  can  be  done  with  direct  reference  to 
the  resource  requirement  for  the  planned  construction  works.  Many  of  the 
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hazards  included  in  the  hazard  master  list  may  result  in  damage  to  or  loss  of  one 
of  the  floating  segments.  For  simplicity,  the  associated  cost  and  delay  are 
assumed  equal  to  the  accumulated  resources  invested  in  the  segment  at  the  time 
of  the  damage  or  loss.  The  accumulated  cost  of  the  segments  at  various  stages  of 
the  project  (launching,  tow  to  outfitting,  outfitting,  tow  to  site,  setdown)  is 
provided  in  Appendix  D.  The  costs  used  in  the  example  reflect  only  the 
replacement  costs  based  on  Appendix  D  and  do  not  reflect  any  cost-plus 
contingencies  or  costs  due  to  delays  to  the  contractor  or  possible  delays  to 
navigation. 

Evaluation  of  the  extent  of  damage  is  based  primarily  on  engineering 
judgment  and  includes,  whenever  relevant,  a  trivalue  estimate  (minimum,  likely, 
maximum)  to  indicate  the  range  of  variation.  For  example,  engineering  judgment 
is  the  basis  for  the  damage-level  occurrence  probabilities  and  segment/pier  cost 
estimates  when  quantifying  the  Hazard  3.7.3.A  consequences  of  a  segment 
impacting  a  bridge  pier.  Estimated  values  based  on  engineering  judgment  for  the 
hazards  included  in  this  study  are  referenced  on  individual  risk  analysis 
worksheets  in  Appendix  B. 


3.5  Risk  Evaluation  and  Summary 

Many  different  approaches  are  encountered  in  the  compilation  and 
presentation  of  the  “total  risk  picture”  or  “risk  profile”  of  the  project.  The 
simplest,  and  least  informative  approach  is  to  calculate  the  average  risk:  the  sum 
of  the  products  of  frequency  (or  probability)  and  consequence  estimate  for  each 
hazard.  A  hazard  with  an  occurrence  frequency  of  0.01  percent  per  project  and  an 
associated  cost  of  $100,000  per  occurrence  will  contribute  by 


0.0001 


Occurrence 

Project 


$100,000 

Occurrence 


$10  per  project 


An  average  cost  of  $10  per  project  from  the  hazard  does  not  warrant  much 
concern.  However,  the  actual  cost  associated  with  the  hazard  ($100,000)  if  it 
happens  is  more  likely  to  attract  attention  to  the  hazard,  and  a  larger  effort  is 
made  to  ensure  that  the  expected  occurrence  frequency  is  as  low  as  stated. 

The  average  cost  associated  with  the  hazards  analyzed  in  Appendix  B  ranges 
from  $129,000  to  $355,000  depending  on  whether  the  low  or  high  cost  estimates 
are  used  in  the  calculation. 

A  similar  but  more  definitive  approach  is  to  establish  the  distribution 
function  of  the  accumulated  cost  and  delay  for  the  project  on  the  basis  of  the 
identified  and  quantified  hazards.  The  representation  obtained  provides  a  more 
useful  picture  because  the  full  range  of  project  cost  and  delay  is  presented, 
including  the  highly  unlikely  situations.  Such  a  combination  is  illustrated  in 
Figure  3-4  for  the  seven  hazards  for  which  quantitative  analysis  has  been 
performed.  The  horizontal  axis  of  the  diagram  gives  the  total  additional  cost  due 
to  the  hazards  for  the  project.  The  vertical  axis  gives  the  exceedance  probability. 
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Figure  3-4.  Combined  risk  profile  for  the  hazards  selected  for  quantitative  analysis  (five 
simulated  curves  and  the  average  of  those) 

Interpretation  of  the  diagram  is  explained  in  terms  of  the  three  points  on  the 
curve: 

Point  1:  The  total  hazard  cost  exceeds  $1  million  with  a  probability  of  2.2 
percent. 

Point  2:  The  total  hazard  cost  exceeds  $15  million  with  a  probability  of 
0.015  percent. 

Point  3:  The  total  hazard  cost  exceeds  $25  million  with  a  probability  of 
0.00076  percent. 

The  presentation  provides  a  direct  and  useful  input  to  the  decisions  on 
insurance  coverage  for  the  project.  The  above  curve  suggests  that  the  coverage  of 
the  insurance  should  be  on  $15  million  to  reduce  the  risk  significantly.  A 
drawback  of  the  above  presentation  is  that  points  on  the  curve  cannot  be  traced  to 
a  specific  hazard. 

This  type  of  trade-off  analysis  is  termed  multiple-criteria  decision-making 
and  can  be  used  to  minimize  both  risks  and  costs  and  find  an  optimal  solution. 
Reference  is  made  to  Lambert  et  al.  (2001)  and  Tsang,  Lambert,  and  Patev 
(2002)  for  further  information. 

The  most  versatile  graphical  representation  of  the  risk  analysis  is  the  scatter 
diagram  shown  in  Figure  3-5.  The  diagram  shows  the  various  contributions  to 
the  risk  assessment  as  points  in  a  chart,  with  consequences  along  the  horizontal 
axis  and  frequency  of  occurrence  (or  probability)  along  the  vertical  axis.  Points 
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Figure  3-5.  Scatter  diagram  for  cost  associated  with  the  hazards  selected  for  quantitative  analysis 

in  the  lower  left  comer  of  diagram  represent  negligible  risk  contributions  (low 
frequency  and  small  consequences),  and  points  toward  the  upper  right  comer 
represent  large  risk  contributions  (high  frequency  and  large  consequences).  The 
points  are  connected  with  a  line  when  a  range  of  consequences  is  specified  for 
the  same  occurrence  frequency. 

From  the  scatter  diagram  it  is  evident  that  the  primary  hazard  is  design  errors 
that  may  result  in  loss  of  one  segment  during  the  marine  operations.  Second 
comes  the  risk  from  collision  to  bridge  piers  during  the  tow  and  the  possibility 
that  the  segment  might  end  on  top  of  the  outfitting  pier  after  a  flood.  However, 
the  occurrence  frequency  of  these  contributions  is  more  than  1,000  times  smaller 
than  the  dominating  contribution  from  design  errors. 

The  scatter  diagram  presents  the  relative  contributions  from  the  various 
hazards  and  cannot  be  used  to  make  conclusions  on  the  total  or  accumulated  risk 
on  the  project  as  a  whole.  The  accumulated  measures  previously  presented,  the 
average  risk  and  the  risk  profile,  can  be  used  for  such  assessments. 
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4.0  Risk  Mitigation 
Recommendations 


The  key  parameters  of  events  and  hazards  determining  critical  project  risk 
have  been  identified  for  the  hazards  selected  for  analysis  on  Braddock  Dam. 
Feasible  mitigation  recommendations  are  proposed  if  possible.  These 
recommended  mitigation  measures  or  plans  are  summarized  in  the  following  list: 

a.  Detailed  review  of  construction  transportation  procedures  and  plans, 
including  planned  contingencies. 

b.  Independent  technical  review  of  construction  engineering  stability 
evaluations  and  calculations  for  both  segments  for  all  postulated 
configurations. 

c.  Independent  technical  review  of  engineering  design  criteria  calculations 
for  possible  design  omissions  typical  of  thin  shell  design  of  both  segments 
for  all  postulated  configurations. 

d.  Detailed  review  of  segment  stability  and  control  during  setdown, 
including  external  hazard  source. 

Hazard  identification,  hazard  screening,  and  risk  quantitative  analyses  should 
be  completed  for  all  Braddock  Dam  hazard  list  items  to  complete  the  risk 
assessment  of  the  current  planned  activities.  Risk  mitigation  recommendations 
become  more  specific  as  the  details  of  the  complete  assessment  become 
available. 

The  Braddock  Dam  project  comprises  several  examples  of  risk  mitigation 
activities.  Specific  attention  has  been  directed  to  the  innovative  construction 
activities.  Several  detailed  mitigation  measures  have  been  incorporated  in  the 
Braddock  Dam  construction  plans  as  a  result  of  informal  risk  evaluations.  These 
detailed  mitigation  activities  include  but  are  not  limited  to  the  following: 

a.  Detailed  “Instructions  to  Field  Engineering”  documents. 

b.  Testing  (by  the  U.S.  Army  Engineer  Research  and  Development  Center, 
Vicksburg)  of  segment  transits  from  outfitting  to  damsite  with  detailed 
positioning  recommendations. 
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c.  Prototype  segment  transportation  run-throughs. 

d.  Restriction  of  river  traffic  during  segment  transport. 

e.  Design  and  construction  of  a  flood  anchor  pile  at  the  outfitting  pier. 

f  Design  and  construction  of  outfitting  pier  fenders  for  500-year  flood. 

g.  Extensive  segment  positioning  methods  to  ensure  that  setdown  tolerances 
are  met. 

h.  Tremie  concrete  trial  pours  for  drilled  piles. 

If  formal  risk  assessment  methods  are  to  be  effective  for  mitigating  possible 
risks  of  innovative  construction  techniques,  risk  evaluations  should  incorporate 
the  hazard  identification,  hazard  screening,  and  risk  quantitative  analyses  of  these 
revised  design  and  construction  conditions. 
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5.0  Historical  Marine 

Construction  Problems 
and  Failures 


A  summary  of  marine  construction  problems  and  failures  that  have  been 
encountered  on  concrete  marine  projects  using  innovative  construction  methods 
has  been  compiled.  These  problems  and  failure  events  are  listed  and  described  in 
Appendix  C,  along  with  data  regarding  the  perceived  cause.  The  data  are 
categorized  as  to  design  engineering,  construction  engineering,  and  contractor 
issues,  with  their  associated  occurrence  probabilities.  A  summary  of  the  historical 
marine  floating  construction  data  identifies  the  following  general  problems  areas: 

a.  Unit/segment  stability  problems. 

b.  Unforeseen  design  change  problems. 

c.  Environmentally  caused  problems. 

The  detailed  calculations  required  to  determine  occurrence  probabilities  for 
various  categories  are  also  provided  in  Appendix  C.  The  occurrence  probabilities 
derived  on  this  basis  are  used  to  establish  the  risk  of  more  generic  hazard  types, 
and  this  provides  an  independent  reference  for  the  risks  calculated  for  the  more 
specific  hazards. 
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6.0  Conclusions  and 
Recommendations 


6.1  Conclusions 

The  example  risk  assessment  performed  in  this  study  illustrates  the  approach 
to  use  and  shows  some  important  characteristics  of  the  hazards  to  be  considered 
in  such  a  study.  When  scrutinizing  a  carefully  planned  construction  project  such 
as  Braddock  Dam,  it  is  found  that  many  of  the  specific  hazards  in  the  project  had 
been  identified  and  contingency  mitigation  measures  introduced  as  appropriate. 

If  it  is  assumed  that  the  project  is  carried  out  according  to  the  final  proposed 
construction  plans,  the  risk  level  is  relatively  low.  Experience  demonstrates  that 
significant  problems  have  occurred  during  innovative  marine-type  projects  and, 
in  many  cases,  those  problems  have  been  attributed  to  construction  contractor 
mistakes;  construction  engineering  revisions,  changes,  omissions,  or  insufficient 
consideration  of  extreme  environmental  conditions;  and  engineering  design 
inadequacies  in  structural  calculations  or  stability  calculations.  The 
environmental  hazard  (river  flooding)  has  been  thoroughly  addressed  in  the 
sample  project  and  does  not  appear  to  present  a  significant  risk.  Construction 
contractor  mistakes  or  construction  engineering  calculation  inadequacies  remain 
as  the  dominating  hazards,  based  on  the  hazards  selected  for  quantified  analysis. 
The  occurrence  probabilities  and  consequences  for  these  hazards  are  estimated 
using  the  general  historical  database  developed  in  Appendix  C.  Historically,  the 
setdown  process  is  shown  to  be  an  exposed  phase,  and  the  problems  can  have 
high  loss  consequence  potential.  This  is  reflected  in  the  high  risk  associated  with 
Hazards  1.1.1  a-b  and  3.1.1  a-d. 

Priority  mitigation  and  contingency  activities  include  thorough  surveillance 
of  the  construction  works  and  quality  assurance  of  the  construction  engineering 
design.  These  activities  include  design  reviews,  independent  checks,  and  field 
condition  verification.  In  summary,  risk  assessments  determine  the  activities  that 
have  the  highest  risk  against  project  completion  and  require  the  greatest  effort 
toward  mitigation  and  thus  ensure  the  highest  probability  of  a  successful 
construction  project. 
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6.2  Recommendations 


The  critical  events  or  hazards  with  relatively  high  occurrence  probabilities  or 
high  consequence  damage  and  cost  potential  were  selected  on  the  basis  of 
engineering  judgment  and  the  availability  of  statistical  data.  The  following 
recommendations  are  offered: 

a.  A  formalized  risk  assessment  program  should  be  developed  and 
incorporated  in  major  lock  and  dam  construction  projects.  The  initial 
program  should  be  integrated  with  the  independent  technical  review 
program. 

b.  A  formal  risk  assessment  guideline  should  be  developed. 

c.  Risk  analysis  technical  aids  should  be  provided  (similar  to  the  Failure 
Mode  and  Effects  program).  These  would  include  methodology 
techniques,  master  list  formats,  screening  guidelines,  and  occurrence 
probability  databases. 

d.  Statistical  data  should  be  formalized  and  published  for  assessment  use. 
These  include  items  such  as  towboat  loss  of  power  frequency;  runaway 
barge  size,  velocity,  and  associated  frequency;  generic  statistical 
distribution  functions  for  structural  capacity  calculations;  and  generic 
statistical  data  for  barge  impact  criteria  and  calculations. 

e.  Information  about  inadequacies  in  design  and  significant  noncompliance 
of  the  construction  work  should  be  collected  to  provide  an  improved 
statistical  basis  for  determining  the  occurrence  frequency  of  important 
root  causes. 

/  Risk  mitigation  measures  should  be  taken  and  addressed  in  a  tabular 
format  for  documentation  purposes.  This  approach  creates  an  entire 
decision  chain  regarding  mitigation  measures  that  were  considered  during 
the  innovative  project. 
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B1 


Braddock  Dam  Risk  Assessment  Hazard  Analysis 

Calculations 

Activty/(ies):  1.1.1  Design _ _ _ _ _ _  Prepared  HGL 

Hazard:  a+b.  Design  inadequacy  causing  significant  or  catastrophic  problems  to  floating  Date  6/5/01 

segment 


Statistics  on  Engineering  Design  Errors: 


Table  1  Frequencies  of  engineering  design  problems  on  projects 

with  significant  or  catastrophic  consequences. 

Project  type 

Total 

Eng. 

Frequency 

Projects 

problem 

Offshore  platforms 

36 

3 

8% 

Floating  vessels,  bridges,  docks 

18 

0 

<6% 

Locks  and  dams 

3 

1 

33% 

Immersed  and  floating  tunnels 

51 

2 

4% 

All  projects 

108 

6 

5.6% 

Table  2  Frequencies  of  engineering  design  problems  on  projects 

|  with  catastrophic  consequences. 

Project  type 

Total 

Eng. 

Frequency 

Projects 

problem 

Offshore  platforms 

36 

1 

3% 

Floating  vessels,  bridges,  docks 

18 

0 

<6% 

Locks  and  dams 

3 

0 

<33% 

Immersed  and  floating  tunnels 

51 

0 

<2% 

All  projects 

108 

1 

0.93% 

' - - - 

Occurrence  probability 

Design  error  causing  a  significant  problem  in  construction  (5.6%-0.93%)=  4.7% 
Design  error  causing  catastrophic  problem  (loss)  in  construction  0.9% 


Consequences 

Significant  problem 


Catastrophic  problem  (loss)  (~1 00%  of  segment  value) 


Cost 

[$1,000] 

Delay 

[months] 

Low 

10 

0.0 

Medium 

200 

0.5 

High 

500 

Cost 

[$1,000] 

2.0 

Delay 

[months] 

Low 

6,000 

4 

Medium 

10,000 

6 

High 

15,000 

9 

Frequency 

■n 

Fatalities 

Cost 

Delay 

- - - - L— * 

Frequency 

Fatalities 

Cost 

Delay 

4.7% 

0 

10 

0 

0.93% 
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0 

6,000 

4 

0 

200 

0.5 
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WBM MM 

0 

500 
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ism 
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Braddock  Dam  Risk  Assessment  Tolumentation 

ActivtyZ(ies):  1.1.1  Design _  Prepared  HGL _ 

Hazard:  a+b.  Design  inadequacy  causing  significant  or  catastrophic  problems  to  floating  Date  6/5/01 
segment _ _  _ 


Reference: 


Methodology: 


Assumptions: 


Occurrence: 


Consequences: 


Statistics  of  historic  projects  -  presented  within  the  Braddock  Dam  risk  analysis. 

The  occurrences  of  engineering  design  errors  that  cause  significant  problems  during  the  construction 
are  treated  as  one  hazard  that  covers  the  entire  project.  The  occurrence  probability  is  based  on  statistics 
on  similar  concrete  projects  using  float-in  installation  technique  (offshore  platforms,  floating  vessels, 
floating  bridges,  docks  and  piers,  foundation  caissons,  submerged  tunnels,  locks  and  dams).  Definition 
of  engineering  design  errors  as  a  hazard  is  based  on  design  problems  that  may  expose  the  project  to 
complete  loss  of  the  structure  or  parts  thereof,  and  this  is  also  the  basis  of  the  referenced  statistics.  The 
statistics  are  applied  directly  to  present  project  to  determine  the  probability  of  engineering  design 
errors,  and  consequences  are  assessed  in  terms  of  loss  of  one  or  both  of  the  Braddock  Dam  segments. 

Identification  of  specific  engineering  design  errors  that  would  present  a  hazard  in  the  floating  state 
(launching,  tow,  outfitting,  positioning  and  setdown)  is  not  attempted.  Elimination  of  such  errors  is  an 
integral  part  of  the  design  process.  It  is  not  realistic  to  assume  a  more  successful  design  review  and 
error  detection  could  be  made  in  the  framework  of  the  risk  analysis.  The  risk  analysis  thus  assumes  that 
all  possible  precautions  have  been  taken  to  capture  engineering  design  errors  (i.e.,  selection  of 
sufficiently  qualified  design  team,  performance  of  independent  checks  and  design  reviews,  avoiding 
significant  design  changes  late  in  the  design  process  or-if  such  changes  are  necessary-provide  the 
necessary  resources  fora  thorough  revision  of  the  project). 

Various  categories  of  structures  are  considered  in  the  historic  project  statistics,  and  some  may  appear 
more  similar  to  the  Braddock  Dam  project  However,  to  avoid  subjective  bias  on  the  utilization  of  the 
statistics,  the  compound  number  for  all  project  types  is  adopted.  The  probability  of  engineering  design 
errors  that  will  present  a  significant  or  catastrophic  hazard  to  the  project  is  thus  5.6%.  In  one  fifth  of 
those  situations  (corresponding  to  an  absolute  probability  of  0.93%),  complete  loss  of  the  structure 
(here,  the  segments)  may  result. 

The  probability  estimates  are  very  uncertain  and  display  a  significant  variation  between  the  different 
project  types.  Immersed  and  floating  tunnels  presents  the  most  favorable  numbers  with  only  4% 
probability  for  errors  leading  to  a  problem  and  less  than  2%  (no  occurrences  in  51  projects)  probability 
for  errors  with  catastrophic  consequences.  However,  variability  of  the  probability  of  occurrence  by  a 
factor  of  2  to  3  will  not  be  a  concern  in  a  construction  risk  analysis. 

Loss  of  both  segments  is  not  considered  relevant  because  of  the  sequential  project  schedule.  If 
significant  problems  arise  with  the  first  segment,  the  second  segment  can  be  changed  to  avoid  the  same 
problem  before  it  reaches  the  stage  where  the  problem  emerged  on  the  first  segment.  If  the  first 
segment  is  safely  installed,  only  the  second  can  be  lost  or  severely  damaged. 

With  reference  to  the  statistical  basis,  the  consequences  of  a  “Significant  problem”  are  judged  as 
follows: 


Cost:  equivalent  to  5%  of  the  value  (construction  investment)  of  one  segment  at  the  time  of 
setdown 

Delay:  1-month  delay 

and  the  consequences  of  a  “Catastrophic  problem”  are  judged  as  follows: 

Cost:  ranging  between  the  value  (construction  investment)  of  one  segment  at  launch  and 
setdown,  respectively 
Delay:  6-month  delay 

The  above  are  considered  likely  consequences.  A  suitable  range  around  die  likely  values  has  been 
judged  to  indicate  the  expected  uncertainty. 
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Braddock  Dam  Risk  Assessment 

Activty/(ies):  3.1.1  General  Construction _ 

Hazard:  a+b.  Construction  Engineering  problem 


Hazard  Analysis 
Calculations 
Prepared  HGL 

Date  6/5/01 


Statistics  on  engineering  construction  problems: 


Table  3  Frequencies  of  construction  engineering  problems  on  projects  with 

significant  or  catastrophic  consequences. 

Project  type 

Segments 

Installed 

Eng. 

problem 

Frequency 

Offshore  platforms 

44 

5 

11% 

Floating  vessels,  bridges,  docks 

107 

0 

<1% 

Locks  and  dams 

8 

1 

13% 

Immersed  and  floating  tunnels 

365 

0 

<0.3% 

All  projects 

524 

6 

1.1% 

Table  4  Frequencies  of  construction  engineering  problems  on  projects  with 

catastrophic  consequences. 

Project  type 

Segments 

Eng. 

Frequency 

Installed 

problem 

Offshore  platforms 

44 

2 

5% 

Floating  vessels,  bridges,  docks 

107 

0 

<1% 

Locks  and  dams 

8 

0 

<13% 

Immersed  and  floating  tunnels 

365 

0 

<0.3% 

All  projects 

524 

2 

0.4% 

i - - - 

Occurrence  probability  (for  two  segments) 

Design  error  causing  a  significant  problem  in  construction 

1.4% 

Design  error  causing  catastrophic  problem  in  construction  (loss) 

0.8% 

Consequences 

Cost 

Delay 

Significant  problem 

[$1,000] 

[months] 

Low 

10 

0.0 

Medium 

200 

0.5 

High 

500 

2.0 

Cost 

Delay 

Catastrophic  problem  (loss)  (-100%  of  segment  value) 

[$1,000] 

[months] 

Low 

6,000 

4 

Medium 

10,000 

6 

High 

15,000 

9 

Significant 


problem 


Fatalities 

Cost 

issue® 

Fatalities 

Cost 

0 

10 

0 

I5S9H 

0 

mesbeh 

1.4% 

ISSSH 

0 

200 

0.5 

0.80% 

■ 

0 

MEEM 

6 

m 

500 

2 

m 

0 

15,000 

9 
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Braddock  Dam  Risk  Assessment 

Activty/(ies):  3.1.1  General  Construction _ 

Hazard:  a+b.  Construction  Engineering  problem 

Reference:  Statistics  of  historic  projects  -  presented  within  the  Braddock  Dam  risk  analysis. 

Methodology:  The  occurrences  of  construction  engineering  errors  that  cause  significant  problems  are  treated  as  one 

hazard  that  covers  the  entire  project.  The  occurrence  probability  is  based  on  statistics  on  similar 
concrete  projects  using  float-in  installation  technique  (offshore  platforms,  floating  vessels,  floating 
bridges,  docks  and  piers,  foundation  caissons,  submerged  tunnels,  locks  and  dams).  Definition  of  errors 
is  based  on  problems  that  may  expose  the  project  to  complete  loss  of  the  structure  or  parts  thereof,  and 
this  is  also  the  basis  of  the  referenced  statistics.  The  statistics  are  applied  directly  to  present  project  to 
determine  the  probability  of  errors,  and  consequences  are  assessed  in  terms  of  loss  of  one  or  both  of  the 
Braddock  Dam  segments. 

Assumptions:  Identification  of  specific  engineering  construction  errors  that  would  present  a  hazard  in  the  floating 

state  (launching,  tow,  outfitting,  positioning,  and  setdown)  is  not  attempted.  Elimination  of  such  errors 
is  an  integral  part  of  the  construction  planning  process.  It  is  not  realistic  to  assume  that  a  more 
successful  identification  of  such  construction  engineering  errors  could  be  made  in  the  framework  of  the 
risk  analysis.  The  risk  analysis  thus  assumes  that  all  possible  precautions  have  been  taken  to  capture 
errors. 

Occurrence:  Various  categories  of  structures  are  considered  in  the  historic  project  statistics,  and  some  may  appear 

more  similar  to  the  Braddock  Dam  project  than  others.  However,  to  avoid  subjective  bias  on  the 
utilization  of  the  statistics,  the  compound  number  for  all  project  types  is  adopted.  The  probability  of 
engineering  construction  errors  that  will  present  a  significant  hazard  to  the  project  is  1.1%.  In  one  third 
of  those  situations  (corresponding  to  an  absolute  probability  of  0.4%),  complete  loss  of  the  structure 
(here,  the  segments)  may  result. 

Consequences:  Loss  of  both  segments  is  not  considered  relevant  because  of  the  sequential  project  schedule.  If 

significant  problems  arise  with  the  first  segment,  the  second  segment  can  be  changed  to  avoid  the  same 
problem  before  it  reaches  the  stage  where  the  problem  emerged  on  the  first  segment.  If  the  first 
segment  is  safely  installed,  only  the  second  can  be  lost  or  severely  damaged. 

With  reference  to  the  statistical  basis,  the  consequences  of  a  “Significant  problem”  are  judged  as 
follows: 

Cost:  equivalent  to  5%  of  the  value  (construction  investment)  of  one  segment  at  the  time  of 
setdown 

Delay:  1 -month  delay 

and  the  consequences  of  a  “Catastrophic  problem”  are  judged  as  follows: 

Cost:  ranging  between  the  value  (construction  investment)  of  one  segment  at  launch  and 
setdown,  respectively 
Delay:  6-month  delay 

The  above  are  considered  likely  consequences.  A  suitable  range  around  the  likely  values  has  been 
judged  to  indicate  the  expected  uncertainty. 


Hazard  Analysis 
Documentation 
Prepared  HGL 
Date  6/5/01 
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Braddock  Dam  Risk  Assessment 

Activty/(ies):  3.1.1  General  Construction 

Hazard  Analysis 
Calculations 
Prepared  HGL 

Hazard:  c+d:  Construction  contractor  problem  with  significant  or  catastrophic 
consequences 

Date  6/5/01 

- - - 

Statistics  on  engineering  construction  problems: 


Table  5  Frequencies  of  construction  contractor  mistakes  on  projects  with  1 

significant  or  catastrophic  consequences 

Project  type 

Segments 

Const. 

Frequency 

Installed 

problem 

Offshore  platforms 

44 

2 

5% 

Floating  vessels,  bridges,  docks 

107 

0 

<1% 

Locks  and  dams 

8 

0 

<13% 

Immersed  and  floating  tunnels 

365 

1 

0.3  % 

All  projects 

524 

3 

0.6% 

Table  6  Segments  installed  and  an  upper  bound  on  the  occurrence  frequency 

of  unit  catastrophic  loss  due  to  construction  contractor  mistakes. 

Project  type 

Segments 

Const. 

Frequency 

Installed 

problem 

of  loss 

OfTshore  platforms 

44 

1 

2% 

Floating  vessels,  bridges,  docks 

107 

0 

<1% 

Locks  and  dams 

8 

0 

<13% 

Immersed  and  floating  tunnels 

365 

0 

<0.3% 

All  projects 

524 

, 

0.2% 

i - - - - - 

Occurrence  probability  (for  two  segments) 

Contractor  construction  error  causing  a  significant  problem  0.8% 

Contractor  construction  error  causing  catastrophic  problem  (loss)  0.4% 


Consequences 

Significant  problem 


Catastrophic  problem  (loss)  (~1 00%  of  segment  value) 


Cost 

[$1,000] 

Delay 

[months] 

Low 

10 

0.0 

Medium 

200 

0.5 

High 

500 

Cost 

[$1,000] 

2.0 

Delay 

[months] 

Low 

6,000 

4 

Medium 

10,000 

6 

High 

15,000 

9 

Significant  problem  _ _ _ Catastrophic  problem 


QSEB 

Fatalities 

IBTSIIHfliW 

'  » - 

Fatalities 

Cost 

0.80% 

Low 

0 

10 

0 

0.40% 

Low 

0 

■m 

■W!73« 

0 

200 

0.5 

■IlfUill 

"o 

■M»HM 

6 

■SISliiMI 

0 

500 

2 

■JHiM 

0 

15,000 

9 
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Braddock  Dam  Risk  Assessment 

Activty/(ies):  3.1.1  General  Construction _ 

Hazard:  c+d:  Construction  contractor  problem  with  significant  or  catastrophic 
consequences _ 

Reference:  Statistics  of  historic  projects  -  presented  within  the  Braddock  Dam  risk  analysis. 

Methodology:  The  occurrences  of  construction  contractor  errors  that  lead  to  problems  during  the  construction  are 

treated  as  one  hazard  that  covers  the  entire  project.  The  occurrence  probability  is  based  on  statistics  on 
similar  concrete  projects  using  float-in  installation  technique  (offshore  platforms,  floating  vessels, 
floating  bridges,  docks  and  piers,  foundation  caissons,  submerged  tunnels,  locks  and  dams).  Definition 
of  construction  contractor  errors  as  a  hazard  is  based  on  problems  that  may  expose  the  project  to 
complete  loss  of  the  structure  or  parts  thereof,  and  this  is  also  the  basis  of  the  referenced  statistics.  The 
statistics  are  applied  directly  to  present  project  to  determine  the  probability  of  errors,  and  consequences 
are  assessed  in  terms  of  loss  of  one  or  both  of  the  Braddock  Dam  segments. 

Assumptions:  Identification  of  specific  construction  contractor  errors  that  would  present  a  hazard  in  the  critical  stages 

(launching,  tow,  outfitting,  positioning  and  setdown)  is  not  attempted.  Elimination  of  such  errors  is  an 
integral  part  of  the  design  process.  It  is  not  realistic  to  expect  a  more  successful  design  review  and  error 
detection  to  be  made  in  the  framework  of  the  risk  analysis.  The  risk  analysis  thus  assumes  that  all 
possible  precautions  have  been  taken  to  prevent  errors. 

Occurrence:  Various  categories  of  structures  are  considered  in  the  historic  project  statistics,  and  some  may  appear 

more  similar  to  the  Braddock  Dam  project.  However,  to  avoid  subjective  bias  on  the  utilization  of  the 
statistics,  the  compound  number  for  the  project  types  is  adopted.  The  probability  of  errors  that  will 
present  a  significant  hazard  to  the  project  is  thus  0.6%.  In  one  third  of  those  situations  (corresponding 
to  an  absolute  probability  of  0.2%),  complete  loss  of  the  structure  (here,  the  segments)  may  result. 

Consequences:  Loss  of  both  segments  is  not  considered  relevant  because  of  the  sequential  project  schedule.  If 

significant  problems  arise  with  the  first  segment,  the  second  segment  can  be  changed  to  avoid  the  same 
problem  before  it  reaches  the  stage  where  the  problem  emerged  on  the  first  segment.  If  the  first 
segment  is  safely  installed,  only  the  second  can  be  lost  or  severely  damaged. 

With  reference  to  the  statistical  basis,  the  consequences  of  a  “Significant  problem”  are  judged  as 
follows: 

Cost:  equivalent  to  5%  of  the  value  (construction  investment)  of  one  segment  at  the  time  of 
setdown 

Delay:  1 -month  delay 

and  the  consequences  of  a  “Catastrophic  problem”  are  judged  as  follows: 

Cost:  ranging  between  the  value  (construction  investment)  of  one  segment  at  launch  and 
setdown,  respectively 
Delay:  6-month  delay 

The  above  are  considered  likely  consequences.  A  suitable  range  around  the  likely  values  has  been 
judged  to  indicate  the  expected  uncertainty. 


Hazard  Analysis 
Documentation 
Prepared  HGL 
Date  6/5/01 
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Braddock  Dam  Risk  Assessment 

Acti vty/ ( ies) :  2,6.3  Passage  of  bridges  (20  bridges) 
Hazard:  Collision  to  bridge  pier _ 


Hazard  Analysis 
Calculations 
Prepared  HGL 
Date  6/5/01 


Parameters 

Segment  width 
Aberrancy  rate 
Pier  width  (typ) 

106.2' 

5.3E-4 

30.0' 

Segment  length 
Passages,  N 

333.1' 

2 

(two  segments) 

Bridge 

Span  Exposure 

Pg  Rb 

Rc 

Rxc  Rd 

^Collision 

Sewickley 

724.0'  2  main  piers 

18.1% 

1.7 

1.0 

1.0 

1.0 

3.2E-4 

179 

725.0'  2  main  piers 

18.1% 

1.3 

1.0 

1.0 

1.0 

2.6E-4 

PGH-McKees 

750.0’  2  main  piers 

17.3% 

1.2 

1.0 

1.0 

1.0 

2.  IE-4 

Ohio  RR 

508.0'  2(3)  piers 

24.3% 

1.0 

1.0 

1.0 

1.0 

2.6E-4 

West  End 

755.0'  2(3)  piers 

17.2% 

1.3 

1.0 

1.0 

1.0 

2.4E-4 

Fort  Pitt 

640.0’  1  pier 

10.3% 

1.0 

1.0 

1.0 

1.0 

1.1E-4 

Smithfield 

344.0'  2  main  piers 

28.4% 

1.0 

1.0 

1.0 

1.0 

3.0E-4 

P.  A.  Transit 

351.0'  1(2)  main  piers 

21.2% 

1.0 

1.0 

1.0 

1.0 

2.2E-4 

Liberty 

448.0'  1  pier 

13.0% 

1.0 

1.0 

1.0 

1.0 

1.4E-4 

South  10th 

705.7'  no  piers 

0.0% 

1.7 

1.0 

1.0 

1.0 

0.0E0 

Birmingham 

607.0'  2  main  piers 

21.5% 

1.7 

1.0 

1.0 

1.0 

3.8E-4 

Mon.  Conn.  RR 

311.0'  2(3)  piers 

29.1% 

1.3 

1.0 

1.0 

1.0 

4.  IE-4 

Glenwood 

557.0'  2  main  piers 

23.0% 

1.7 

1.0 

1.0 

1.0 

4.1  E-4 

CSX 

453.0'  2  main  piers 

25.8% 

1.7 

1.0 

1.0 

1.0 

4.6E-4 

Homestead 

516.3'  2  main  piers 

24.1% 

1.7 

1.0 

1.0 

1.0 

4.3E-4 

P.  &  L.  E. 

250.0'  2(4)  piers 

30.2% 

1.7 

1.0 

1.0 

1.0 

5.3E-4 

Union  RR 

483.0'  2(3)  piers 

25.0% 

1.0 

1.0 

1.0 

1.0 

2.7E-4 

Rankin 

505.3'  2  main  piers 

24.4% 

1.0 

1.0 

1.0 

1.0 

2.6E-4 

Union  RR 

378.0'  Half  of  bridge 

13.8% 

1.7 

1.0 

1.0 

1.0 

2.4E-4 

Conrail  RR 

393.0'  Half  of  bridge 

13.6% 

1.7 

1.0 

1.0 

1.0 

2.4E-4 

z 

5.7E-3 

Scenario 

Relative 

Fatalities 

Cost 

Delay 

Probability _ [1000$]  f  Months] 


Small  impact 

65% 

1 - _ 

fc .  i 

Minor  damage  to  the  segment 

0 

8 

0 

Minor  damage  to  the  bridge 

0 

5 

0 

z 

0 

13 

0 

Moderate  impact 

34%  ~ 

Some  damage  to  the  segment 

0 

80 

0.5 

Minor  damage  to  the  bridge 

0 

5 

0 

z 

0 

85 

0.5 

Severe  impact 

1% 

Complete  loss  of  segment 

1 

8,000 

12 

Some  damage  to  the  bridge 

2 

1,000 

0 

- 

z 

3 

9,000 

12 

Type 

Frequency 

Fatalities 

Cost 

Delay 

Minor 

3.7E-3 

0 

13 

0 

Moderate 

1.9E-3 

0 

85 

0.5 

Severe 

5.7E-5 

3 

9,000 

12 
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Braddock  Dam  Risk  Assessment 

Activty/(ies):  2.6.3  Passage  of  bridges  (20  bridges) 
Hazard:  Collision  to  bridge  pier _ 


Hazard  Analysis 
Documentation 
Prepared  HGL 
Date  6/5/01 


Reference: 


Methodology: 


Assumptions: 


Consequences: 


Guide  Specification  and  Commentary  for  Vessel  Collision  Design  of  Highway  Bridges ,  AASTO, 
February  1991. 

Barge  Collision  Design  of  Highway  Bridges ,  Whitney,  M.  W.,  Harik,  I.E.,  Griffin,  J  .J.,  and  Allen,  D.L., 
ASCE  Journal  of  Bridge  Engineering,  Vol  1,  No.  2,  May  1996. 

The  above  reference  refers  to  ships  and  barge  tows,  and  the  segment  tows  are  considered  as  a  barge  tow. 
The  size  of  the  largest  segment  is  used  for  the  geometric  of  the  collision  calculation. 

All  bridges  are  included  in  the  collision  frequency  calculation.  Only  collisions  to  the  main  piers 
bounding  the  span  are  considered.  A  pier  width  of  30  ft  is  generally  assumed.  Reduction  of  the  collision 
frequency  is  made  if  one  or  both  main  pier(s)  is  out  of  the  water. 

The  geometric  probability  PG  is  calculated  from  a  normal  distribution  function  centered  midspan  and 
using  the  length  of  the  vessel  (here,  the  segment  length)  as  the  standard  deviation.  The  probability 
calculated  represents  the  positions  where  the  segment  (considering  its  width)  overlaps  with  the  piers 
(considering  their  widths).  Conservatively,  the  larger  length  is  used  for  both  tows. 

The  aberrancy  frequency  is  based  on  the  estimated  aberrancy  rate  for  barges  on  the  Ohio  River, 
estimated  in  Whitney  et  al.  as  5.3  x  10'4.  This  base  rate  is  multiplied  with  appropriate  correction  factors. 

Correction  factors  on  the  aberrancy  rate: 

Rc:  Accounts  for  currents  (in  and  across  the  path).  Is  generally  set  to  1.0  due  to  lack  of  information. 

Rb:  Accounts  for  bends.  Values  (angles)  are  estimated  on  basis  of  navigational  maps. 

Rd:  Accounts  for  traffic  density.  Since  the  traffic  condition  can  be  controlled  during  the  tow,  a  low 
traffic  density  is  assumed.  Hence,  RD=  1.0. 

Consequences  are  estimated  for  a  “general”  bridge.  Hence,  no  specific  considerations  are  made  for  the 
implication  of  a  collision  to  an  individual  bridge. 

Selection  of  damage  scenarios  and  their  relative  frequency  is  based  on  engineering  judgment. 

Cost  of  damages  to  the  segment  is  based  on  a  total  value  (of  construction  work)  of  the  segment  at  the 
time  of  the  tow  of  $8  million.  This  is  the  average  of  the  value  of  Segment  1  ($10.9  million)  and 
Segment  2  ($6,575,000).  “Severe”  impact  is  assumed  to  result  in  total  loss  of  the  segment;  “moderate” 
impact  is  assumed  to  result  in  damage  corresponding  to  1%  of  the  value;  and  “minor”  impact  incurs 
damage  equivalent  to  0.1%  of  the  value  of  the  segment. 
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Braddock  Dam  Risk  Assessment 

Activty/(ies):  3.7.1  Towing  on  open  river 
Hazard:  a.  Groundinq 


Hazard  Analysis 
Calculations 
Prepared  HGL 
Date  6/5/01 


Total 

Tows/day  |  Barges/tow 


Probability  of  grounding  or  loss  of  control: 

Average  tow  traffic  for  1996-97  (pr  day) 

Dam 

Dashields 
Emsworth 
LD2 

LD3 _ 

Average  (all) 

Target  river  stretch  (Dashields  to  LD2) 

Average 

Total  movements  during  period _ 9,828 

Accidents  with  barges  on  the  stretch  during  1996-97 

Low  4  (Collisions,  Allisions,  Groundings  and  Loss  of  Control) 

High  7  (All  accidents) 

Accident  frequencies  pr.  passage  through  the  target  river  stretch 

Low  0.041%  <-  This  is  used  in  the  risk  assessment  as  the  grounding  frequency 

High _ 0  071%  |  per  segment  tow  from  Leetsdale  to  the  outfitting  pier 


Occurrence 

The  above  probability  for  grounding  along  the  tow  route  is  used  to  calculate  the  probability  of 
grounding  a  segment.  The  following  correction  factors  are  applied: 

2.0  Since  two  tows  are  made,  one  for  each  segment 

1/3  The  tows  are  performed  in  a  good  time  window  only,  with  river  traffic  closed.  The  tows 

have  been  rehearsed  in  practice. 


Resulting  frequency  of  grounding: 
Consequences 


2x1/3x0.041%=  0.027% 


Optimistic  judgment 
Likely  judgment 
Pessimistic  judgment 


Cost 

[$1,000] 

0 

10 

50 


Delay 

[months] 

0.1 

0.3 

1 


Low 

2.7E-4  Likely 


Fatalities 

Cost 

0 

0 

0 

10 

0 

50 
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Braddock  Dam  Risk  Assessment 

Activty/(ies):  3.7.1  Towing  on  open  river 
Hazard:  a.  Grounding _ 

Reference: 

Methodology:  Grounding  frequency  is  estimated  on  basis  of  accident  and  traffic  statistics  for  the  route.  Consequences 

are  based  on  judgment. 

Basis  U.S.  Waterway  Traffic  Data  for  Ohio  and  Monongahela  Rivers  -  Lock  Statistics: 

ftp://www.wrsc.usace.army.mil/pub/ndc/lpms/dbf/vess 
U.S.  Coast  Guard  Accident  Statistics: 

http://www.uscg.mil/hq/g-m/moa/docs/vdb.exe 

Assumptions:  The  segment  tow  is  assumed  equivalent  to  a  normal  barge  tow.  Hence,  the  accident  rate  is  established 

for  barge  tow  traffic  only. 

Consequences:  Severe  damage  in  a  grounding  event  is  not  considered  likely.  The  cost  and  delay  consequences  are 

judged  relative  to  the  time  and  cost  associated  with  the  segment  at  the  time  of  the  tow.  Fatalities  are  not 
considered  likely  at  all. 


Hazard  Analysis 
Documentation 
Prepared  HGL 
Date  6/5/01 
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Braddock  Dam  Risk  Assessment 

Activty/(ies):  3.7.1  Outfitting  (both  segments),  General _ 

Hazard:  e.  Contingency  mooring  failure  during  high  river  stage. 


Hazard  Analysis 
Calculations 
Prepared  HGL 
Date  6/5/01 


A  total  -  or  effective  -  safety  factor  on  the  mooring  capacity  of  2  is  assumed.  Consequently,  mooring  failure  is 
assumed  to  occur  when  the  drag  force  reaches  2  times  the  design  drag.  In  terms  of  the  velocity,  this  means  that 
failure  occurs  when  the  velocity  is  1 .4  times  the  design  velocity. 

Occurrence 

Velocity  at  overload  (1 .4142x8.9) 

Corresponding  return  period  Tfai,ure 

Exposure  period  *i"eXp0Sure  —  2x3  months  (3  for  each  segment) 

Exceeding  probability  (~TexposUre/Tfaiiure) 

Consequences 

Even  with  the  maximal  consequences  of  a  mooring  failure,  the  risk  is  negligible  because  of  the  very  low 
occurrence  probability.  No  fatalities  are  assumed  to  result,  and  cost  and  delays  are  based  on  judged  fractions 
of  the  value  of  the  segment. 

Cost  Delay 

_ [$1,000]  [months! 

Optimistic  judgment  0  0 

Likely  judgment  100  1 

Pessimistic  judgment  15000  7 


12.6  ft/sec 
1.97E+09  years 
0.5  year 
2.542E-10 


Frequency 

Fatalities 

Cost 

Delay 

2.5E-10 

Low 

0 

0 

0 

Likely 

0 

100 

1 

High 

0 

15,000 

7 
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Braddock  Dam  Risk  Assessment 

Activty/(ies):  3.7.1  Outfitting  (both  segments),  General _ 

Hazard:  e.  Contingency  mooring  failure  during  high  river  stage. 


Hazard  Analysis 
Documentation 
Prepared  HGL 
Date  6/5/01 


Reference:  River  stage  and  velocity  statistics  received  from  Ray  Povirk  4/8/98. 

Methodology:  Approximation  of  the  river  velocity  statistics  allows  development  of  the  probability  of  exceeding  a 

certain  velocity  during  the  period  when  the  segment  is  moored  at  the  outfitting  pier  (-3  months). 
Assuming  that  the  mooring  force  (drag)  is  proportional  to  the  square  of  the  velocity,  it  is  then  possible  to 
determine  the  probability  of  mooring  failure  based  on  an  assumed  factor  of  safety  in  the  mooring  system. 

Note  that  the  statistical  basis  (observations)  probably  covers  only  about  100  years.  So,  the  estimation  of 
events  with  a  return  period  of  more  than  1  million  years  represents  a  significant  and  theoretical 
extrapolation  of  the  observations. 

! 

Assumptions:  The  factor  of  safety  in  the  mooring  system  is  assumed  to  exceed  2.0.  Simple  overloading  is  assumed 

governing  for  this  failure  mode.  Possibility  of  damage  to  the  mooring  line  or  -point,  incorrect 
attachment,  or  other  types  of  nonconformance  are  not  included  in  the  assessment. 

Consequences:  The  value  of  the  segments  based  on  the  total  value  of  construction  work  at  the  time  of  the  failure  ranges 

from  $7  million  to  $17  million  depending  on  the  completion  level  of  the  work  to  be  done  at  the  outfitting 
pier. 
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Braddock  Dam  Risk  Assessment 

Activty/(ies):  3.7.1  Outfitting  (both  segments),  General  _ _ _ 

Hazard:  f:  Exposed  to  river  flood.  Access  for  corrective  action  may  not  be  possible. 
Segment  overtops  the  pier  and  is  damaged  when  stage  drops. _ 


Hazard  Analysis 
Calculations 
Prepared  HGL 
Date  6/5/01 


Exceeding  probability  for  river  stage  at  outfitting  pier 


Exposure  period,  T0 


Provided  statistics 


T  [years] 

Pool  [ft] 

^Exceedance 

0.125 

725.5 

98.17% 

0.25 

727.4 

86.47% 

0.5 

729.3 

63.21% 

1 

729.4 

39.35% 

2 

731.3 

22.12% 

5 

734 

9.516% 

10 

736 

4.877% 

20 

737.7 

2.469% 

50 

740.2 

0.995% 

100 

742 

0.499% 

200 

743.8 

0.250% 

500 

746.2 

0.100% 

1000 

748 

0.050% 

0.5  years  (3  months  per  segment  totals  to  6  months  or  0.5  year) 
Convolution  of  fender  failure  probability _ 


T  [years] 

Pool  [ft] 

^Exceedance 

^Failure 

^Combined 

545 

746.2 

0.0918% 

0% 

0.0000% 

810 

747.2 

0.0617% 

10% 

0.0020% 

1204 

748.2 

0.0415% 

20% 

0.0027% 

1791 

749.2 

0.0279% 

30% 

0.0027% 

2662 

750.2 

0.0188% 

40% 

0.0025% 

3959 

751.2 

0.0126% 

50% 

0.0021% 

5887 

752.2 

0.0085% 

60% 

0.0017% 

8753 

753.2 

0.0057% 

70% 

0.0013% 

13016 

754.2 

0.0038% 

80% 

0.0010% 

19354 

755.2 

0.0026% 

90% 

0.0008% 

28779 

756.2 

0.0017% 

100% 

0.0017% 

Occurrence 

Event  tree  describing  the  various  scenarios 


The  combined  probability  of  the  segment  landing  on  the  pier  is 

Consequences 


1.76E-05 


Optimistic  judgment 
Likely  judgment 
Pessimistic  judgment 


0.0185%| 


Remedy  attempted  before  level  drops 

Remedy  successful 

P=0.900 

P=0.900 

Not  successful 

Lands  on  top  of  pier 

P=0.100 

P=0.500 

Stays  clear 

P=0.500 

No  action 

Lands  on  top  on  pier 

P=0.100 

P=0.500 

Stays  clear 

P=0.500 

No  consequences 
P=1.5e-4 


No  consequences 
P=8.3e-6 


Lands  on  top  of  pier 
P=9.2e-6 


Cost  Delay 

[$1,000]  [months] 
0  0 

7000  2 

15000  7 
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Hazard  Analysis 
Documentation 
Prepared  HGL 
Date  6/5/01 


Reference:  River  stage  and  velocity  statistics  received  from  Ray  Povirk  4/8/98. 

Methodology:  Approximation  of  the  river  stage  statistics  allows  development  of  the  probability  of  exceeding  a  certain 

level  during  the  period  when  the  segment  is  moored  at  the  outfitting  pier  (~3  months). 

Basis  The  design  requirements  specify  that  extended  vertical  fenders  shall  be  provided  that  are  able  to  hold 

the  segment  clear  of  the  pier  for  the  500-year  return  period  level.  At  the  design  level,  the  specifications 
also  require  that  the  extended  fenders  shall  provide  at  least  10  ft  contact  length  with  the  element.  Since 
the  draft  of  the  segment  ranges  from  10  to  1 5  ft,  the  river  stage  shall  exceed  the  design  stage  by  10  to 
1 5  ft  for  the  segment  to  overtop  the  fender. 

However,  because  the  location  of  the  load  from  segment  will  move  upward  as  the  river  stage  rises, 
overloading  of  the  fender  may  occur  before  the  segment  fully  overtops  the  fenders. 

Assumptions:  The  probability  that  the  extended  fender  fails  at  a  certain  level  is  assumed  to  vary  linearly  from  0  at  the 

design  stage  to  1 .0  at  design  stage  +  1 0  ft.  It  is  also  assumed  that  the  pier  top  level  will  be  at  least  1 5  ft 
below  design  stage  level  such  that  segment  overtopping  of  the  pier  is  possible  whenever  the  design 
stage  level  is  exceeded. 

Consequences:  The  value  of  the  segments  based  on  the  total  value  of  construction  work  at  the  time  of  the  failure  ranges 
from  $7  million  to  $1 7  million  depending  on  the  completion  level  of  the  work  to  be  done  at  the 
outfitting  pier.  If  the  segment  ends  up  resting  on  the  pier,  the  damage  is  assumed  in  the  range  from  50% 
of  the  value  (segment  being  repairable)  to  100%  of  the  value. 


Braddock  Dam  Risk  Assessment 

Activty/(ies):  3.7.1  Outfitting  (both  segments),  General  _ 

Hazard:  f:  Exposed  to  river  flood.  Access  for  corrective  action  may  not  be  possible. 
Segment  overtops  the  pier  and  is  damaged  when  stage  drops. 
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Assessment  of  probability  of  exceeding  a  certain  staging  area  pool  level  (Outfitting  pier) 
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Appendix  C 

Marine  Construction  Problems 
and  Accidents 


The  following  is  a  listing  and  categorization  of  actual  problems  and  failures 
that  have  been  encountered  on  concrete  marine  projects  with  construction 
methods  of  a  nature  similar  to  the  Braddock  Dam  project. 
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Immersed  and  Floating  Tunnels  Immersed  and  Floating  Tunnels 


Units 

Lost 

Units 

Total 

<N 

os 

- 

m 

r-» 

«n 

VO 

m 

<N 

VO 

r- 

VO 

<N 

m 

r- 

m 

Cause 

Category 

Problem 

Category 

Structure 

Vlake  Tunnel 

Netherlands 

Tokyo  Port  Tunnel 

Japan  * 

Prinses  Margriet  Tunnel 

Netherlands 

Drecht  Tunnel 

Netherlands 

Kil  Tunnel 

Netherlands 

Hong  Kong  Mass  Transit  Tunnel 

Hong  Kong 

Hemspoor  Tunnel 

Netherlands 

Botlek  Tunnel 

Netherlands 

Tokyo  Port  Dainikoro  Tunnel 

Japan 

Rupel  Tunnel 

Belgium 

Metropolitan  Rail  Tunnel  (Main) 
Germany 

Bastia  Old  Harbour  Tunnel 

France 

Spijkenisse  Metro  Tunnel 

Netherlands 

Coolhaven  Tunnel 

Netherlands 

Kaohsiung  cross  Harbour  Tunnel 
Taiwan 

Guldborgsund  Tunnel 

Denmark 

Emstunnel 

Germany 

Marne  Tunnel 

France 

Zeeburger  Tunnel 

Netherlands 

Units 

Lost 

Units 

Total 

<N 

CN 

in 

VO 

- 

CM 

- 

- 

VO 

CN 

oo 

r- 

36 

ON 

m 

m 

36 

oo 

Cause 

Category 

Problem 

Category 

Structure 

Freidrichshafen 

Germany 

Posey  St. 

Alameda,  CA  * 

Havana  Tunnel 

Cuba 

Massey  (Deas  Is.) 

Vancouver,  BC  * 

Rendsburg 

Germany 

Webster  St. 

Alameda,  CA  * 

Liljeholmsviken 

Sweden 

Haneda  Tunnel 

Japan 

Coen  Tunnel 

Netherlands 

Wolfburg  Tunnels 

Germany 

Benelux  Rotterdam 

Netherlands 

LaFontaine  Tunnel 

Canada  * 

Rotterdam  Metro  Tunnels 

Netherlands  * 

Ij  Tunnel 

Netherlands 

Scheldt  E3  (JFK  Tunnel) 

Belgium 

Heinenoord  Tunnel 

Netherlands 

Limfjord  Tunnel 

Denmark 

Parana  Tunnel 

Argentina 

Elbe  Tunnel 

Germany 
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error, 
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C5 


For  application  in  the  Braddock  Dam  risk  analysis,  the  above  can  be  used  to 
provide  indicative  frequencies  for  the  following  hazards: 
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PROBLEMS  AND  ACCIDENTS  ON  PAST  "IN  -  THE  •  WET”  CONSTRUCTION 
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problems  I  not  allow  proper 
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